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    “It's often easy to find a model that fits the past data well – perhaps too well! – but quite another 
matter to find a model that correctly identifies those features of the past data which will be 
replicated in the future.” 
- Niels Henrik David Bohr 
           
To alsam, for teaching me the relationship between light and distance, past and future.    
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Abstract 
As global temperatures rise and the climate becomes more unstable, heatwaves will be a more common phenomenon. This could result in an increase of energy consumption in UK homes during summer periods due to a higher demand for cooling, but it could also have a substantial impact on heat related morbidity and mortality rates and produce a series of challenges for the emergency services and the national health system. The risk of overheating in domestic buildings is typically predicted using modelling techniques based on assumptions of heat gains, heat losses and heat storage. Often dynamic thermal simulation software is used in which the modeller is required to decide a number of input assumptions upon which the result depends on. These assumptions often lead to modelling errors and reduce confidence in the results. Recent large-scale data collection studies allow empirical approaches based on measurements alone.  This thesis presents the development of an empirical model for the prediction of summertime overheating risk in UK homes, using the hourly measured internal air temperatures from the living rooms and main bedrooms of 228 dwellings in the city of Leicester, recorded between the 1st July 2009 and 31st August 2009, as well as the external air temperature and global solar irradiation data that were measured by a weather station in Leicester, during the same period.  Descriptive time series analysis is used to identify the mechanisms that shape room temperatures, in rooms that are neither mechanically heated nor cooled, and to develop building-specific empirical models of room temperatures for use in predicting future temperatures based on past measured values and on future weather conditions.  The results show that the internal air temperature time series data can be decomposed using descriptive time series analysis, in two separate components, based on the long-term and short-term impact of the external climate on the internal air temperature. Even though the external climate conditions during the monitoring period were characterised as a rather cool summer, the occurrence of overheating according to the CIBSE static criteria, was largely existent. The newly developed Internal Trend and Cyclical Component (ITCC) model is shown to predict the overheating occurrence with an accuracy of 84-92%, with a mean R2 value of 0.83 and 0.84 for living rooms and bedrooms respectively.   
Abstract  
 ii 
The ITCC model was developed using only internal air temperatures and external weather data and no information regarding the dwellings or the households, therefore it is a model that could potentially be applied in any free-running building worldwide, provided that is first tested and validated. By applying the ITCC model to national datasets, this can provide significant insights for the developments of future policies to mitigate overheating, and enable overheating risk alerts for home-owners and public authorities to be more accurately estimated and targeted.    
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Chapter 1. Introduction 
1.1 Background 
Over the past years, the Intergovernmental Panel on Climate Change (IPCC) has produced a series of reports indicating predictions of the mean global temperature. In its 2013 report it states that by the end of the 21st century the global surface temperature increase is “likely to exceed 1.5°C 
relative to the 1850 to 1900 period for most scenarios, and is likely to exceed 2.0°C for many 
scenarios” (IPCC, 2013). The evidence suggests that this could trigger a series of extreme weather events such as rising sea levels and storms that are considered dangerous for humanity (Defra, 2009). Likewise as global temperatures rise and climate becomes more and more unstable, prolonged periods of excessively hot weather, known as heatwaves, will be a more common phenomenon.  The increasingly high temperatures especially during the summer months can have significant impact on public health (Armstrong et al., 2011). A study by Hajat et al. (2002) showed a relationship between average daily external temperature and increment in heat related deaths. Using mortality data for a 21-year period, they demonstrated that when the daily mean external temperature in London exceeded 19°C, there was an increase in heat related deaths. They also note that increasing the duration of exposure to heat is highly related to the increase in number of deaths. In a more recent study Arbuthnott and Hajat (2017) further highlight the increase in heat related mortality occurring at temperatures above threshold values, yet note the need  for further research to fill the gaps in relation to how urbanisation and population adaptation to heat will affect health impacts from climate change (Arbuthnott and Hajat, 2017).  According to Collins (2000), the effects of ambient temperature on physiological functions can be explained in terms of pathology. He marks, “fluctuations from an “ideal” range of hygrothermal 
conditions within dwellings and work places pose threat to health”. It is estimated that the 2003 heatwave across Europe caused 70,000 excess deaths (Robine et al., 2008). A report by Vandentorren et al. (2004) estimated the excess deaths in France, during August 2003, at 14,800. In UK, the number of excess deaths reached 2,139 and the increase to those over 75 years of age was 59% (Johnson et al., 2005). A report by the Health Protection Agency (HPA, 2012) suggests that the number of heatwaves by 2020 will increase by 70% and over the next 70 years by 540%. 
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Stott et al. (2004) have estimated that a 2003-type summer is predicted to be average within Europe by 2040.  In the UK, over the last century, the climate has been warming and this trend is expected to continue, resulting in an increase of the annual average temperatures across the UK of about 2°C to 3.5°C by 2080 (Hulme et al., 2002). The Department of Environment, Food and Rural Affairs has projected an increase of mean daily summer maximum temperatures of 5.4°C in England and 2.8°C in northern Britain by 2080, relative to a 1961–90 baseline, under a medium emissions scenario (Murphy et al., 2010). This increase in external temperature is highly likely to lead to higher indoor temperatures, to levels that are considered too high for comfort in UK dwellings and therefore characterise an occupied indoor space as overheated. This could put the UK homes under increasing stress with regards to energy consumption during summer periods due to a potential uptake in domestic air-conditioning, but it could also have a substantial impact on the morbidity and mortality rates and produce a series of challenges for the emergency services and the national health system (Grogan and Hopkins, 2002).  After summing up the lessons learned from the 2003 heatwave in France, Salagnac (2007) concluded that roof insulation was a critical issue in increasing the risk of overheating in top floor bedrooms in Paris. The risk of death was increased by fivefold if the roof was not insulated and by fourfold if the bedroom was located on the top floor. Therefore, the suggestion was that thermal insulation could play a key role in reducing the risk of overheating. This is also reflected in the Housing Health and Safety Rating System (HHSRS), part of the 2004 Housing Act, where it is mentioned that small top floor flats are in higher risk of overheating than larger dwellings and that “the structure of the building should incorporate sufficient thermal insulation” to avoid high internal temperatures (ODPM, 2006). However, there exists evidence that the relationship between insulation and indoor overheating is not straightforward and will depend on the positioning of the insulation, the relationship with exposed thermal mass, the ventilation strategies, and the generation of internal heat gains. The on-going changes in the UK Building Regulations have always included significant increases in thermal insulation. Back in the 1970s it was the energy crisis that brought concerns about energy conservation and introduced the requirements for better U-values. Additional revisions in the 1980s and 1990s drove the development of new construction techniques that permitted further improvements of the thermal envelopes of buildings. The most recent changes to the UK Building Regulations however, have been driven by the need to tackle climate change through minimising the use of energy and therefore the emissions of greenhouse gases. Nonetheless, overheating is not strictly regulated as yet. The building regulations 2013 Part L (Conservation of Heat and 
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Power, with 2016 amendments), do not indicate any limits with regards to overheating and there are no requirements specified in the Approved Document L1A, for new dwellings. However the document does state that assessing overheating according to SAP 2009 should form a reasonable provision and that would be achieved if “the SAP assessment indicates that the dwelling will not 
have a high risk of high internal temperatures” (DCLG, 2013a). The regulations also suggest that the CIBSE TM 36 ought to be taken into consideration should the designers wish to explore the risk of high internal temperatures in the future.  For new buildings other than dwellings, Part L2A gives a requirement of limiting solar gains but it does not outline any specific target, leaving the decision to be taken by the client and the design team (DCLG, 2013b). The London Development Agency has specified through the implementation of the London Housing Design Guide and a dedicated section on climate change mitigation and adaptation, that all proposals should “demonstrate how the design of dwellings will avoid 
overheating during summer months without reliance on energy intensive mechanical cooling 
systems” (LDA, 2010). Consequently there is increasing policy and industry interest in the topic or indoor overheating in recent years (DCLG, 2012a, 2012b, NHBC Foundation, 2012, ZCH, 2015a, Kovats and Osborn, 2016). It is clear therefore that the current regulations do not yet require specific actions to be taken against overheating for new buildings. In addition to that, policies aiming in improving energy efficiency in existing buildings, do not necessarily take into account any potential adverse effects in the future. Nonetheless, these energy efficiency and zero carbon agendas at the moment are driving the building construction industry to the production of highly airtight and insulated dwellings. Roaf et al. (2004) noted that modern building design seems to drift away from providing thermal comfort by traditional means such as shading, natural ventilation and the use of thermal mass. In the context of a warming climate this contributes to the growing concern that homes in some areas of the UK are liable to overheating.  However, some homes might be more susceptible to overheating than others. This depends on a number of factors such as the orientation of the house, the percentage and location of the glazed areas of the building’s envelope, the levels of thermal mass, the levels or airtightness of the envelope, the internal heat gains from electrical appliances and the ventilation rates. It also depends on a number of factors attributed to the occupants, such as their occupancy patterns and their activities when present in the house. The age of the occupants is also of great importance as elevated temperatures can have detrimental impacts on the health of, particularly, the elderly and as the UK’s population ages, there will be a greater proportion exposed to higher indoor temperatures (PHE, 2015). Kovats and Hajat (2008) have argued that a range of measures, such as  
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improvements to housing, management of chronic diseases, and institutional care of the elderly and the vulnerable, will be in need of development to reduce health impacts. Therefore, there exists a need for a clear understanding of exactly which homes in which localities are at risk, now and in the future, and which are susceptible to overheating if insulated. In order for that to be achieved, a number of modelling studies have been conducted over the past decades, often with the use of dynamic thermal simulation software, in which the modeller is required to decide a number of input assumptions on heat gains, heat losses and heat storage upon which the result is depended (Hacker, Belcher and Connell, 2005, Porritt et al., 2012). These assumptions often lead to modelling errors and reduce the confidence in the results. Recent large-scale data collection studies (Lomas, 2011, Beizaee, Lomas and Firth, 2013, Kane, 2013, Kelly et al., 2013), that have been made feasible through the use of small, low cost and relatively accurate temperature sensors, allow empirical approaches based on measurements alone. Methods such as time series analysis could be used to develop empirical models that could base the prediction of internal temperatures in dwellings, on previously recorded internal temperatures and external climate data. These models could be incorporated in small, low cost, internet-linked, room sensors that would make use of measured internal temperatures and local external climate data to provide timely information, especially to vulnerable individuals, regarding potential risks of overheating. This study is based on an extensive data set of 228 dwellings in Leicester and will attempt to develop an empirical model (a model based on this empirical dataset), capable of successfully predicting the risk of overheating in UK homes based only on measured internal temperatures and external weather data.  
1.2 Research questions 
This research will address the following questions: 1. How can time series analysis be applied to room temperature data to develop a model that is able to predict the risk of overheating in UK homes? Time series analysis has been applied in many different fields, such as economics, geophysics, control engineering and meteorology, to describe, explain, predict and control processes. There are various approaches that can be selected according to the input data and the anticipated output of the model. This study will show how time series analysis can be applied to hourly measured room temperature data in order to develop an empirical model than can predict the risk of the room overheating. 
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2. In what way can the measured internal air temperature, external air temperature and global solar irradiation data be used to form the input data in an empirically derived predictive model?  This study will explore the relationships between the measured internal air temperatures in dwellings and the external air temperature and global solar irradiation data in order to apply the most suitable data transformations to allow the prediction of internal air temperatures based on past measured internal air temperatures and future external air temperature and global solar irradiation data. 3. Are the parameters of the model significantly related to the characteristics of the dwellings and/or the occupants in the dataset? By grouping the characteristics of the predictive model based on dwelling characteristics (such as house type, house age, etc.), the study will explore the potential of developing a generalised model that could be used as a mapping tool, indicating  the risk of overheating across housing stocks. 
4. How can an empirically derived model be validated using a restricted dataset? 
This study is making use of a restricted dataset in the sense that the data were recorded during two summer months and therefore the validation of an empirically derived predictive model is also restricted to within these time limits. The study will therefore present a validation method that can overcome this limitation. 
1.3 Aim 
The aim of this research project is the development of a method that enables the prediction of future temperatures and therefore the risk of overheating, in UK homes based on past measured values and external climate data.  
1.4 Objectives 
The aim of the project will be achieved by pursuing the following objectives: 1. Critically reviewing previous work on measuring and modelling studies with regards to overheating in dwellings both in UK and internationally. This study will present an extensive literature review in order to understand the formation of the current overheating criteria, the key studies that made use of measured 
Chapter 1. Introduction  
 6 
data to report the occurrence of overheating, and the key studies that attempted to use modelling techniques in order to predict the risk of overheating in homes, both in the UK and internationally. 2. By capitalising on previous work, to investigate the possibility of explaining the variation of internal temperatures in dwellings with the aid of an empirical model.  Previously unreported work1, has laid the foundations for developing a model that can explain a large portion of the variation in internal temperatures in dwellings based on empirical data. This study will build on these findings and will further advance the developments in order to construct a method that can accurately predict the risk of overheating in spaces in homes. 3. Develop an appropriate methodology to produce a modelling technique that allows an efficient way of predicting the risk of overheating in spaces in homes. This work will analyse the room temperature data from 228 homes in the UK city of Leicester, in order develop a methodology that can produce a model that requires the fewest possible inputs and at the same time is able to accurately predict the risk of overheating. 4. Using statistical analysis to investigate correlations between the model’s parameters and the characteristics of the dwellings (dwelling type, dwelling age, wall type, etc.) to identify the possibility of grouping models according to dwelling characteristics. The coefficients of the model’s variables will be correlated against the characteristics of the dwellings (dwelling type, dwelling age, wall type, etc.) to investigate the likelihood of constructing a generalised model that could be used to indicate the risk of overheating across the housing stock of the UK. 5. Investigate the overheating risk predicted by the model for all 228 homes and compare the results against measured data by using the following overheating criteria: CIBSE static, CIBSE TM 52, BSEN 12521, ASHRAE 55 (CIBSE, 2006, 2013a, BSI, 2007, ASHRAE, 2010). This study will apply four of the most widely used overheating criteria to assess the ability of the model to predict the risk of overheating. The assessment will be based on the comparison between the measured and the predicted internal air temperatures in all the living rooms and bedrooms in the dataset.                                                              1 Work undertaken by members of the Building Energy Research Group (BERG) at the School of Architecture, Building and Civil Engineering at Loughborough University in the UK. 
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6. Using the current dataset to validate the empirically derived model. 
The study will present a validation method that can give detailed information regarding the validity of the proposed methodology and the developed model. This method will be based on testing the model against measured data that were not used in its development.  
7. Critically discussing the results and drawing conclusions regarding the usefulness of the developed modelling technique and suggest ways in which it can be further developed, evaluated and improved.   The work will conclude by forming a critical discussion of the findings. The applications of the model and the limitations of the study will be clearly outlined. Suggestions for future research in order to improve and validate the model will be made. Finally, the impact of this study in terms of policy, academia and research will be presented and potential uses of the model will be proposed. 
1.5 Original Contribution to Knowledge 
The work presented in this thesis provides an original contribution to knowledge based on the following: 
1. It improves the understanding of internal air temperature in rooms, in homes, during summertime, by identifying the individual components that make up the hourly time series of the internal air temperature. 
2. It advances the expression of the individual components of the internal air temperature in mathematical terms, using equations that express the internal air temperature as a function of the external air temperature and the global solar irradiation. 
3. It develops an empirically derived mathematical model that is parsimonious yet universal, allowing widespread application and versatile use. 
4. It makes use of descriptive time series analysis using a restricted dataset of internal air temperatures. 
1.6 Thesis Outline 
Following this introduction, the thesis is structured as follows: 
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• Chapter 2 presents a historical background on the first recordings of the occurrence of overheating and how the current overheating criteria developed during the second half of the last century. It then describes the overheating criteria that have been used in both the industry and academic research during the past two decades. Finally, it critically reviews a number of monitoring and modelling studies with regards to overheating in dwellings, both in the UK and internationally.  
• Chapter 3 outlines the methodology of the research project, starting with a description of the dataset and the methods used in collecting and describing the internal air temperature and external weather data. The chapter then presents the development of the novel methodology based on the application of the descriptive time series analysis to room temperature data.  
• Chapter 4 presents the analysis of the daily variation in the internal and external air temperature and the development of a statistical model that is able to predict the variation of the daily average internal air temperatures based on past values of the daily average external air temperature. A series of statistical models are developed based on the measured internal temperatures in the living rooms and bedrooms of 228 homes, and the measured external air temperature. Finally, this chapter explores the relationship between the calculated parameters of the models and three of the characteristics of the dwellings (dwelling type, dwelling age, wall type).  
• Chapter 5 presents the analysis that leads to the development of a statistical model that is able to predict the diurnal variation of internal air temperature based on the external air temperature and the global solar irradiation. Finally the impact of the dwellings’ characteristics (dwelling type, dwelling age, wall type) on the fitted parameters of the models for all living rooms and bedrooms in the 228 homes is investigated.  
• Chapter 6 presents the evaluation and the validation of the ITCC (Internal Trend and Cyclical Component) model. The evaluation of the ITCC model is investigated by using all the measured data to compare the modelled and measured values of the internal air temperature. The validity of the model is explored by using the first month of the dataset to calculate the components of the model and the second month of the dataset to compare the predicted internal air temperatures against the measured internal air temperatures, using statistical measures of dispersion and the accuracy with which the overheating risk 
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is predicted, based of four different overheating criteria: CIBSE static, CIBSE TM52, BSEN 15251 Adaptive, ASHRAE Standard 55) (CIBSE, 2006, 2013a, BSI, 2007, ASHRAE, 2010).  
• Chapter 7 discusses the results presented in the previous three chapters and compares them to the findings in the literature review. It provides critical comments on the usefulness of the developed modelling technique and the limitation of the newly developed Internal Trend and Cyclical Component (ITCC) model and ways in which it can be further developed, evaluated and improved.    
• Chapter 8 summarises the main findings of this research, it presents the impact of the work on academia, policy and industry, and makes recommendations for further research.   
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Chapter 2. Literature Review 
2.1 Introduction 
The literature review presented in this thesis aimed at capturing the following three points: 
• The historical background of the formation of the overheating criteria 
• The recent definitions of the overheating criteria 
• The recent studies that explored the risk of indoor overheating, either by measuring or modelling techniques. Section 2.2 presents the historical background of the formation of the overheating criteria looking at some of the earliest references in literature. It then presents the historical facts, methods and studies that led to the current overheating criteria. Section 2.3 presents the recent definitions of the overheating criteria and the specifics of those most widely used in the UK but also internationally. Section 2.4 presents a comprehensive list of studies that cover both measuring and modelling methods. In exploring those that involved some form of measurement or monitoring, it was important to capture the breadth of the research, as this thesis is making use of measured data. This meant including studies using different methods, different overheating criteria, those covering various regions and various scales from a single dwelling to a few hundred, both in the UK and internationally. It was also important to show results from studies that involved collecting qualitative data, and those that managed to record valuable data during significant heatwaves. In presenting studies where the main subject was to develop models and attempt predictions of the risk of overheating, a division is made between those that used dynamic thermal simulation modelling and those that used statistics, mathematics and other empirical methods. Since this thesis did not include dynamic thermal modelling it is important to show what this widely used method of modelling is capable of covering but also its limitations. Some early studies are outlined, together with more recent ones, to show the variety in software choices and the abilities of testing mitigation strategies both in present but also under future climate scenarios, and the possibilities of modelling a very wide range of dwellings in terms of numbers but also in terms of characteristics, both in the UK and internationally. Finally, modelling studies that made use of 
Chapter 2. Literature Review  
 11 
empirical data are presented to show the range of available data and methods applied and the gaps that exist in developing models that are based on measurements. This section also presents the progress in the understanding of the relationship between the external and internal air temperatures, something that this thesis is making use of.  
2.2 Background – The formation of the overheating criteria  
One of the earliest references to overheating in the UK dates back to the middle of the 19th century and was made with regards to the reconstruction of the Houses of Parliament after a very destructive fire had burn down the ancient Palace of Westminster on 16 October 1834. A temporary Houses of Parliament that was constructed before a permanent solution was built formed an experimental chamber for a number of different ground-breaking ventilation strategies to be tested in achieving acceptable thermal comfort conditions for debating. An ingenious solution was developed by David Boswell Reid, a Scottish physician and Professor of Practical Chemistry at the University of Edinburgh, the only consultant that was given the opportunity to test his system. The operation of the system was supervised by the Sergeant-at-arms, Sir William Gosset, who passed orders for adjustments on the basis of direct observations of thermometers, located in the chamber, and also after having consulted the MPs during sittings. In summer 1839, Reid’s chief attendant of the ventilation system, Benjamin Riches, was ordered to keep the interior temperature at a level that would not exceed 67°F (19.4°C) (Schoenefeldt, 2014). This temperature threshold is of course something that was not easily maintained due to the complexity of the ventilation system, but it does show some evidence that above 19.4°C, the debating chamber was considered at the risk of overheating as the complaints from MPs would increase significantly. In more recent years, the development of steel construction and the incredible pace at which the material science and structural analysis developed during the late 19th and early 20th centuries allowed the frame construction to become widely acceptable and at the same time the glass to be increasingly used as part of a building’s façade. Therefore, by the 1950s the office construction with large areas of glazing had already become a trend. This however introduced the need to consider the internal thermal conditions throughout the year and it created the requirement for thermal criteria for buildings during summer time. Although a survey conducted in pre-war office buildings found only about 9% of the occupants concerned about overheating (Gray and Corlett, 1952), Frederic John Langdon’s 1961 survey of office buildings erected between 1948 and 1961 in central London indicated that the conditions inside these new offices were continuously reported as too hot and stuffy. During summer conditions, over 55% of the occupants were reported uncomfortable in south facing offices where 90% of their external wall was glazed. More 
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interestingly the report mentions that a considerable proportion of the occupants also suffered from overheating in winter, during the time of the survey. The then director of the Building Research Station (the former Building Research Establishment, established in 1921), Sir Frederic Measham Lea comments “the major problems are shown to be the effects of overheating in summer, 
poor ventilation and noise” (Langdon, 1966). It is important to note that these findings were based on a questionnaire that was filled by a representative person from each room in each of the 2,734 office rooms that were visited. It is also interesting to add that it was not possible to take temperature measurements at the time for three main reasons. Firstly, the monitoring equipment needed was associated with large costs; secondly there was a lack of trained skilled personnel (technicians) to carry out such a large scale monitoring survey and finally the statistical analysis of the formidable amount of data that would have been gathered would require an extensive amount of time and labour. In his conclusion, Langdon states “it would be extremely doubtful 
whether the average contemporary building is superior or even equal in performance to the best 
offices erected in the inter-war period” (Langdon, 1966). The extensive occurrence of overheating in office buildings throughout the 1950s and 1960s was reported in a number of publications. A report by the House of Commons Estimates Committee on School Buildings in 1961 stated that several cases of heat exhaustion in school children were due to the excessive use of glass (Loudon, 1968). Peter Manning documented various incidences of overheating in schools (Manning, 1967), offices (Manning, 1965) and in factories where employees would even refuse to work due to summertime overheating from solar heat gains through the roof (Manning, 1962). In a study during July-September 1964, Steward and Kibblewhite showed that the air temperature in a group of naturally ventilated offices was above 24°C for about 30% of the time (Steward and Kibblewhite, 1967). However, it was the extensive developments in the thermal comfort science during 1960s together with the increased use of the passive solar building design (partly due the 1970s energy crisis and the increasing requirement for reduced heating demand) that led to the development of the overheating criteria as design recommendations. Alec Gilmour Loudon’s innovative study in the late 1960s led the way in establishing such criteria.  Loudon developed a technique for calculating peak internal temperatures based on external temperature; radiation intensity on vertical and inclined building surfaces; transmission absorption and reflection of solar radiation by glass, sun controls and other building surfaces; thermal response of the building to solar heat gains and any other inputs and finally loads due to occupancy, lighting and other sources. He then compared the calculated values for a group of offices against field measurements from unoccupied nominally unventilated offices during a summer holiday period. By choosing the parameters for his technique for a group of offices that would match those from the field measurements, he found 
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a high level of agreement between the calculated and the measured values of peak internal temperatures. The third stage of his work involved comparing the calculated peak temperatures with the complaints of overheating from Langdon’s study, again for a group of offices that matched between the two studies.  In that way he was able to relate the reported occurrence of overheating to a peak internal temperature, that given a set of data, he was also able to calculate (or predict). It was therefore possible for the first time to investigate whether a given design for an office or a school was likely to be thermally comfortable. Based on his technique and the results from the surveys, he suggested that if no more than 10% of the occupants in a building (office or school) were to feel uncomfortable, the design requirement for a peak internal temperature should be about 27°C (Loudon, 1968).  This method of calculating the internal peak temperature was then adopted in 1970 guide of the Institution of Heating and Ventilating Engineers (IHVE). The IHVE guide on design criteria suggested that the acceptable comfort temperature range for sedentary occupations during a summer period is between 20-25°C. With regards to overheating, the guide stated “in designing a 
building it is important to ensure that it will not become uncomfortably hot during sunny periods, i.e. 
that the maximum peak temperature should not frequently exceed, say, 27 °C”, and as the section continued, it described the manual method in assessing the peak environmental temperature for any proposed building design, as developed by A.G Loudon (IHVE, 1970).  In the 1975 edition of the guide, the IHVE recommended that the weather data used in Loudon’s manual method of calculating the peak internal temperature at the design stage, should reflect a 2.5% level of design risk in exceeding 27 °C. Therefore the guide suggested that the internal temperature should not exceed 27 °C for more than 2.5% of the year (IHVE, 1975). Later in 1976, the IHVE and the Illuminating Engineering Society merged to form the Chartered Institution of Building Services (CIBS, later known as CIBSE). In his work, A.G Loudon also commented on the relationship between the external temperature and the internal, stating that “in heavy buildings, the outside temperature variations of 10-15°C, 
that occur during the day cause internal variations of only 1-2°C” (Loudon, 1968). He therefore concluded that it is the daily mean external temperature that has to be considered rather than the maximum. Since the data for one of the warmest parts of the UK (London) indicated that the daily mean external temperature of 22°C was not exceeded for more than 2 days a year, he concluded that internal temperatures in heavy (thermally massive) buildings in Britain at the time, did not exceed 24°C for more than 1-2 days a year.  Based on this and further work by the Building Research Establishment (BRE), a criterion for summertime internal temperature range, was set in 1975. The work concluded “a satisfactory 
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standard of thermal comfort is met when the mean globe temperature during working hours in the 
room does not exceed 24°C and the range is within 4°C” (DoE, 1975). Later, the UK government listed a recommendation along the same lines, the Design Note 17 that was directed to educational buildings. It noted that the recommended resultant temperature during the summer should be 23 °C with a range of not more than 4 °C (DfES, 1981).  Meanwhile, the increasingly uncomfortable internal environments during the summer in both offices and houses meant that there was a need for an overheating analysis to be included in the design stage of a building. In a publication by the BRE, Milbank indicates that it was the need to emphasise summer design that lead to the developments of the heating/cooling requirement calculation method since the steady-state heat loss equation is only valid in cases where temperatures do not change significantly with time such as during the winter where the UK gets extended periods of cold weather with minimum solar gains (Milbank, 1974). On the contrary during summer “the temperature and energy inputs are not constant and therefore the energy 
storage effects of the structure are more significant”. He continues by adding “the mechanisms of 
energy transfer, radiation, conduction and convection, are sufficiently well understood to permit 
thermal models of the building behaviour to be developed, but it is only the introduction of 
computers that has made it feasible to make accurate calculations in a reasonable time and at 
acceptable costs”  (Milbank, 1974). In a study including the use of a simulation program, Cohen et al. (1993) used the number of degree hours2 over 27°C as a measure of overheating, driven initially by the IHVE guide and a criterion used in the area of Zurich in Switzerland, which suggested that the indoor temperature should exceed 28°C for more than 30 degree hours per year before any air conditioning installation would be permitted. However, they concluded that due to the fact that the hours above 27°C criterion was found to be closely correlated with the degree hours above 27°C, the first should be used as it is easier to calculate. Correspondingly, for an overheating analysis, when evaluating the applicability of thermal simulation programs for passive solar house design, Lomas (1996) applied the hours above 27°C in order to demonstrate the variations in the results obtained from three different programs.  In 1991, P. Simmonds, who was working as an R&D engineer in the Netherlands, at the time, presented a paper at the CIBSE Technical Conference at the University of Kent, which outlined a set of guidelines that had been used by the Dutch for over a decade. These stated that in the case of relatively high ambient temperatures, the maximum allowable indoor air temperature was                                                              2 Number of degrees Celsius by which the hourly average indoor temperature is below or above a threshold temperature. 
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25°C and that this threshold was only allowed to be exceeded for about 5% of the annual working time. In the case of extreme ambient conditions, the threshold of 28°C was allowed to be exceeded for only about 1-2% of the annual working time. These guidelines were developed by Rijksgebouwendienst (1979) and based upon Fanger’s method of predicted mean vote (PMV) (Fanger, 1970), which discards the location and the potential for adaptation to the thermal environment. This concept of a temperature threshold limit allowed for no more than a small percentage of the annual working hours, was later adopted and further developed by CIBSE to form the overheating criteria outlined in Guide A (1999) (1999; 2006), that were used in recent years. Although it is clear that the history of the formation of the overheating criteria has been entirely derived from studies in offices, the criteria have since then been widely applied on the design of dwellings where the potential for adaptation is much greater. 
2.3 Recent definitions of overheating related to thermal comfort 
The most widely used overheating criteria have been developed and primarily used for predicting the likely temperature of spaces in aiding the design process, rather than for assessing the risk of overheating in existing buildings by measurement. Nevertheless, the criteria have been used to evaluate field measurements over the past two decades. The main are outlined below. 
2.3.1 CIBSE Static comfort criteria The CIBSE has established two different sets of temperature thresholds (hence static criteria) for living areas and bedrooms that were derived from field studies primarily in non-domestic buildings. Initially, document TM36 (CIBSE, 2005) suggested that, given the assumption that when awake, the occupants will experience the same level of discomfort in their homes as when at work or school, then the operative3 temperatures should not exceed 28°C for more than 1% of occupied hours per year in living rooms.  In the case of the bedrooms, the document reported that “as 
people find sleeping in warm conditions difficult”, a lower threshold temperature should be used. Therefore, the criteria used should be that temperatures should not exceed 25°C for more than 1% of occupied hours per year in bedrooms. In CIBSE Guide A (2006) however, the criteria for bedrooms suggested that there should be no more of 1% of annual occupied hours over an operative4 temperature of 26°C. It also noted that 
                                                             3 The TM36 document stated that the operative temperature is “the average of the air temperature and the 
room surface temperatures, this provides a better indication of comfort than the air temperature alone, as the 
radiative heating or cooling from surfaces is taken into account” (CIBSE, 2005) 4 CIBSE Guide A gives a more detailed description of the operative temperature as the one that “combines 
the air temperature and the mean radiant temperature into a single value to express their joint effect. It is a 
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sleep may be impaired above 24°C and therefore in line with the criteria for living areas it is suggested that in bedrooms there should be no more of 5% of annual occupied hours over an operative temperature of 24°C.  These recommended thresholds remained as guidelines until the 2015 version of Guide A was released (CIBSE, 2015) and the incorporation of a new method outlined in the 2013 document TM52 was adopted (CIBSE, 2013b). This is presented further below. A number of problems arise with the application of criteria that make use of a fixed threshold temperature and the number of occupied hours over and above this; even more if these are applied nationwide. The main one is that they do not take into consideration the ability of the people to adapt to changes in the temperature they experience, in particular the rise in external temperatures during the summer time.  Adaptive actions may involve changes in clothing, location, activity and also adjustments to ventilation rates and solar gains.  The physiological effect of overheating on humans can be characterised as a 2-dimensional problem. It not only matters how high the internal temperature rises to but also for how long this is sustained. In other words, it is not only the occurrence of high internal temperatures but also the severity in terms of time length that is of equal interest. Again the static overheating criteria fail to capture this 2-dimensional aspect of the problem as a room that exceeds a fixed threshold temperature by, say, 6K for 3 hours might be considered to be in less risk of overheating than a room that exceeds the threshold by 1K but for 4 hours.  Furthermore, although investigating the risk of overheating on an annual basis might be a sensible objective, the perception of discomfort due to overheating might be an experience that takes place over a much shorter period of time. This is especially during periods when the external daily mean temperature rises significantly, and within a very short period of time, and therefore humans fail to adapt to these changes. Therefore, special attention needs to be given to these periods of unusually high temperatures occurring mainly during the summer that can have a significant impact on peoples’ health. In terms of predicting and reporting the risk of overheating, there are two main problems with the use of a fixed temperature threshold limit. Firstly, the absolute nature of a single value makes the criteria very sensitive to the methods used in predicting internal temperatures. Secondly, the term “occupied hours” can easily be altered to overcome a potential calculated risk of overheating as 
                                                                                                                                                                                                 
weighted average of the two, the weights depending on the heat transfer coefficients by convection, which 
depends on the air velocity, and by radiation at the clothed surface of the occupant”  (CIBSE, 2006).   
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increasing the hours of occupation could potentially reduce the percentage of occupied hours above a threshold. Nicol et al. (2009) present a more detailed discussion on the potential problems of the static criteria, as well as many other studies that will be presented in sections 2.3 and 2.4. In many cases therefore, the use of adaptive comfort criteria might be more appropriate when assessing thermal comfort in dwellings. 
2.3.2 BS EN 15251 Adaptive comfort criteria The European standard BS EN 15251 (BSI, 2007) has been produced to support the Energy Performance of Buildings Directive (EPBD) in reducing the energy use in the building stock throughout Europe. The set of criteria for identifying the risk of overheating, outlined in this standard, is based on the fact that during the summer, it is likely that people in free-running (naturally ventilated) buildings will be more active in making themselves comfortable and will therefore adapt better to the fluctuations in external temperature by changing their behaviour (clothing, activity, interaction with building elements, etc.). The adaptive equation that relates the external temperature to an internal comfort temperature is: 
𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 = 0.33 𝑇𝑇𝑟𝑟𝑒𝑒 + 18.8                 [2.1] Where, 𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 is the comfort temperature in °C and 𝑇𝑇𝑟𝑟𝑒𝑒 is the running mean external temperature in °C, which is the exponentially weighted running mean of the daily mean external air temperature for any day, and is expressed as follows: 
𝑇𝑇𝑟𝑟𝑒𝑒 = (1 − 𝛼𝛼)(𝑇𝑇𝑐𝑐𝑑𝑑−1 + 𝛼𝛼𝑇𝑇𝑐𝑐𝑑𝑑−2 + 𝛼𝛼2𝑇𝑇𝑐𝑐𝑑𝑑−3 … )                            [2.2] 
Where α is a constant (< 1),   𝑇𝑇𝑐𝑐𝑑𝑑−1 is the daily mean external temperatures for the previous day (°C), 𝑇𝑇𝑐𝑐𝑑𝑑−2  is the daily mean external temperatures for the two days before (°C), etc. (BSI, 2007).  The assessment of overheating is based on threshold comfort envelopes that increase at 0.33 degree (K) per K, as  𝑇𝑇𝑟𝑟𝑒𝑒 increases from 10 °C to 30 °C (Figure 2.1).  This results in four categories of thermal comfort expectation (BSI, 2007): 
• Category I: defined as ‘high level of expectation’ has a 4 K range (±2 K) from the 𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 value, 
• Category II: defined as ‘normal level of expectation’ has a 6 K (±3 K) range from the 𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 value, 
• Category III: defined as ‘acceptable, moderate level of expectation and may be used for existing buildings’ has an 8 K (±4 K) range from the 𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 value and  
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• Category IV: defined as ‘values outside the criteria’ (>4 K) and should only be accepted for a limited part of the year. The upper-bound thresholds of the criteria, i.e.  𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 +2K, +3K or +4K are relevant to the overheating assessments.  The adaptive equations (2.1 and 2.2) have been derived from field studies, mostly in free-running offices. Because comfort is both mentally and physically dependent, it is likely that in a professional work environment distraction and stress may reduce tolerance or acceptability to changes in the thermal environment. In dwellings, occupants have a much wider range of adaptive opportunities and as a consequence a number of the studies, presented in the following sections of this chapter, have questioned the reliability of BS EN 15251 for assessing overheating in occupied houses, as in many cases it has been found to underestimate the risk of overheating.  
 
Figure 2.1: Thermal comfort and overheating criteria. Adapted from (Lomas and Giridharan, 2012) 
to include the CIBSE and PHPP static criteria. 
2.3.3 CIBSE TM 52 (2013) In 2013, CIBSE published their latest report on the limits of thermal comfort (CIBSE, 2013b). This outlines a new set of overheating criteria, based on the fact that discomfort should not be measured as a function of the comfort temperature but rather of the deviation from the comfort temperature (Nicol and Humphreys, 2007). Therefore the criteria are defined in terms of the 
CIBSE Living room 
CIBSE Bedroom 
PHPP 
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difference (∆𝑇𝑇) between the operative temperature in a room (𝑇𝑇𝑐𝑐𝑜𝑜) and the maximum acceptable indoor comfort temperature (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒). 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 is based on the Category II upper threshold of the BS EN 15251 which sets a maximum acceptable temperature that is 3K above the comfort temperature. The equation for 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 is this given by: 
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 = 0.33 𝑇𝑇𝑟𝑟𝑒𝑒 + 21.8                  [2.3] Where 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 is the maximum acceptable comfort temperature in °C and 𝑇𝑇𝑟𝑟𝑒𝑒 is the running mean external temperature in °C, see equation [2.2]. The difference between 𝑇𝑇𝑐𝑐𝑜𝑜 and  𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 is thus: 
∆𝑇𝑇 = 𝑇𝑇𝑐𝑐𝑜𝑜 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒                              [2.4] Where 𝑇𝑇𝑐𝑐𝑜𝑜 is the space operative temperature in °C.  The document outlines three criteria for free-running buildings and according to this assessment, if a room or a building fails to meet two out of the three, then it is classed as overheated. The three criteria outlined in the document are: 
• Criterion 1: Hours of Exceedance (𝐻𝐻𝑒𝑒) This is the number of hours that the operative temperature (𝑇𝑇𝑐𝑐𝑜𝑜) can exceed the threshold comfort temperature (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) by 1K or more during the occupied hours of a typical non-heating season (1 May-30 September), in other words, the number of hours during which  ∆𝑇𝑇 ≥ 1𝐾𝐾 and it should be no more than 3 per cent of occupied hours. 
• Criterion 2: Daily Weighted Exceedance (𝑊𝑊𝑒𝑒) This allows the severity of overheating to be assessed as a function of the temperature rise and the duration and it expressed by how many hours ∆𝑇𝑇 was a certain number of degrees (K), multiplied by that number of degrees (K). This can be summarised by the following equation: 
𝑊𝑊𝑒𝑒 = (ℎ𝑒𝑒0 × 0) + (ℎ𝑒𝑒1 × 1) + (ℎ𝑒𝑒2 × 2) + (ℎ𝑒𝑒3 × 3)                  [2.5] Where 𝑊𝑊𝑒𝑒 is the daily weighted exceedance, ℎ𝑒𝑒0 is the hours of exceedance that operative temperature (𝑇𝑇𝑐𝑐𝑜𝑜) exceeded the threshold comfort temperature (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) by 0K, ℎ𝑒𝑒1 is the hours of exceedance that operative temperature (𝑇𝑇𝑐𝑐𝑜𝑜) exceeded the threshold comfort temperature (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒) by 1K, etc.  
• Criterion 3: Upper limit temperature (𝑇𝑇𝑢𝑢𝑜𝑜𝑜𝑜) This is the absolute maximum daily temperature for a room (𝑇𝑇𝑢𝑢𝑜𝑜𝑜𝑜) in °C, above which the level of overheating is regarded as unacceptable, occurs when ∆𝑇𝑇 exceeds 4 K, which is regarded as the level above which normal adaptive actions by occupants are not sufficient to ensure thermal comfort.  
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It is also worth noting that in 2017 CIBSE released the TM59 guidance, which outlines the design methodology for the assessment of overheating risk in homes. With this document, CIBSE aimed at standardising the assessment methodology by providing insights that could play a key role in limiting overheating risk in both new and refurbished homes (CIBSE, 2017). 
2.3.4 ASHRAE Standard 55 The American Society of Heating, Refrigerating and Air-Conditioning Engineering (ASHRAE) standard 55, operates in a similar way to the BS EN 15251 standard. The comfort envelopes however increase at a rate of 0.31 K per K rise in the monthly mean external temperature (𝑇𝑇𝑒𝑒𝑒𝑒) for 10 °C ≤ 𝑇𝑇𝑒𝑒𝑒𝑒 ≤ 33.5 °C (ANSI/ASHRAE, 2010).  The adaptive equation that relates the external temperature to an internal operative comfort temperature is: 
𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 = 0.31 𝑇𝑇𝑒𝑒𝑒𝑒 + 17.8                 [2.6] Where, 𝑇𝑇𝑐𝑐𝑐𝑐𝑒𝑒 is the comfort temperature in °C and 𝑇𝑇𝑒𝑒𝑒𝑒 is the monthly mean external temperature in °C.  
2.3.5 SAP Appendix P The Standard Assessment Procedure (SAP) is the UK’s government methodology to assess and compare the environmental and energy performance of dwellings in the UK. It was developed by the BRE in 1992 and is based on the BRE Domestic Energy Model (BREDEM). The methodology for identifying the risk of overheating is based on the calculation of a monthly average internal temperature for each of the summer months June, July and August (SAP, 2014). This is derived by inputting information regarding a number of parameters such as ventilation rates, thermal mass, and solar gains, to calculate the ratio between the heat loss coefficient and the solar heat gains during summer, as well as a coefficient according to the thermal mass parameter of the dwelling. A calculated internal temperature is then compared to a ‘threshold temperature’ to determine the overheating risk for each month.    It is worth mentioning that the result of the calculation in the Appendix P does not influence the overall SAP rating (Tillson, Oreszczyn and Palmer, 2013). This calculation is very often based on a 
• Not significant < 20.5 °C 
• Slight ≥ 20.5 °C & < 22.0 °C 
• Medium ≥ 22.0 °C & < 23.5 °C 
• High ≥ 23.5 °C 
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number of assumptions regarding the inputs and has been found on a number of occasions to incorrectly predict the risk of overheating. This will be explored further in sections 2.3 and 2.4. 
2.3.6 Passive House Planning Package  The Passive House Planning Package (PHPP) methodology for predicting the risk of overheating in dwellings has similarities with the one outlined above for the SAP. For certification purposes, it is mandatory to demonstrate that the maximum internal temperature dwelling will not exceed 25°C for more than 10% of annual occupied hours (for dwellings, all hours and considered as occupied). The guidelines also indicate that in order to ensure high level of summer time comfort the limit should be reduced to 5%. Furthermore, if the percentage is in the range of 0-2% or 2-5%, the result is considered ‘Excellent’ and ‘Good’ respectively (Passivhaus Institut, 2012).     The key differences between the PHPP methodology and the SAP are that the PHPP uses annual historical weather files for the assessment of solar gains, whilst the SAP calculation is based on monthly data from June, July and August; also the PHPP calculation it is independent of location and uses floor area assumptions for internal heat gains (ZCH, 2015b). There have also been studies assessing overheating risk by quantifying the changes in the cooling demand of a dwelling (He et al., 2005). Other studies (Peacock, Jenkins and Kane, 2010) have used a single threshold temperature at a point in time in individual rooms (bedroom temperature exceeding 23.9°C, at 11pm) while others (Orme, Palmer and Irving, 2003, Porritt et al., 2011) assessed the severity of the risk by calculating the number of degree hours over a threshold temperature. A detailed description of a number of studies conducted either by measurements or computer modelling is given in the next two sections. 
2.4 Recent Studies – State of the art 
The studies related to overheating in dwellings, conducted in more recent years, can be categorised to those that involved measuring internal temperatures in order to identify and quantify the risk of overheating, those that involved dynamic thermal simulation modelling to assess the current and future risk of overheating in dwellings and those that have used empirical data to construct predictive models in order to assess overheating both spatially and temporally. 
• Excellent 0 – 2 % 
• Good 2 – 5 % 
• Acceptable 5 – 10 % 
• Poor 10 – 15 % 
• Catastrophic > 15 % 
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2.4.1 Monitoring / Measurement Studies Over the years there have been many studies that have included some form of measurement in domestic buildings in an attempt to identify the occurrence of overheating. This section will outline the key elements found in literature both in the UK and internationally. One of the first nation-wide surveys that included the measurement of internal temperatures in homes in the UK was conducted during February and March 1978. Hunt and Gidman (1982) reported the spot measurements of the wet- and dry-bulb temperatures in each room of 1,000 homes, in an attempt to assess the value of various energy conservation measures and the standards of thermal comfort preferred by the occupants in the UK. The study did not make any conclusions with regards to overheating, however it did point out the differences in internal temperatures between homes built before 1914 (cooler) and those built after 1970 (warmer) and also between living rooms (warmer) and bedrooms (cooler) at that time. A trend that was found to die out between 1984 and 2007 in a more recent study on the thermostat settings of centrally heated English houses (Shipworth, 2011). Another early study of UK homes involved measuring hourly temperatures in the living room and main bedrooms of 29 dwellings, in the Milton Keynes Energy Park (MKEP) between 1989 and 1991 (Edwards, 1990). Summerfield et al. (2007) revisited the MKEP site some years later and monitored the internal temperature in 15 of the 29 dwellings between 2005 and 2006. The results showed that there were no significant changes in average internal temperatures over the 15-year period. Due to the fact that in both the living room and the main bedroom the temperatures were maintained at higher levels than the external temperature throughout the year, the authors commented that the possibility for summertime overheating did exist.  In one of the first nation-wide studies, involving summer time temperatures Firth and Wright (2008) reported the living room and bedroom temperatures, recorded during summer 2007 in 224 dwellings in 53 different local authorities across all regions of the UK. The authors noted that average living room and bedroom temperatures were similar and that purpose built flats and end terraces presented the highest average summer temperatures of all the built form types. Furthermore, they concluded that post 1990 dwellings were most likely to overheat with 7.1% of time at temperatures over 25°C, while pre 1919 were the least likely to overheat. Of great significance to the work presented here is their comment that the results of a regression analysis between the internal and the external summer temperatures “could be used to predict the thermal 
response of dwellings” in the future (Firth and Wright 2008). 
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One of the most significant studies, mainly due to the fact that the measurements were taken during the 2003 summer heatwave, was the one conducted by Wright et al. (2005). After measuring the temperatures in four dwellings in Manchester and five dwellings in London, they concluded that the inclusion of thermal mass in the building envelope had a negative impact on night-time internal temperatures in relation to external conditions. The internal temperature in rooms was found to be considerably warmer than outdoors during the night by around 5 to 7K. Their statistical analysis showed that the day and night temperatures were correlated to the type of structure however there were large differences between dwellings and within dwellings (different rooms). The sample size, just 9 dwellings, was rather small and therefore it was clear that there was a need for a national study. This gap was only recently filled by the study of Beizaee et al.(2013). In this first national scale study of summertime temperatures in English dwellings, the internal temperatures from the living rooms and main bedrooms of 207 homes were measured during the summer of 2007. A significant finding was that about 7% of homes were heated during part or all of the monitoring period. Across the free running homes, there was no clear tendency found for the bedrooms or the living rooms to be warmer. Overall the findings suggest that for lower values of fabric heat loss, the living rooms or the bedrooms tend to be warmer. In dwellings with higher fabric heat loss the bedrooms tend to be cooler. The authors also concluded that “the results seem to bring questions 
over the reliability of BS EN 15251 in assessing thermal comfort in homes” as based on these criteria, most of the dwellings assessed were characterised as uncomfortably cool and therefore an inference could be made that the English households chose to live in living room and bedrooms where the temperatures were below those anticipated by the BS EN 15251 standard. A similar study, this time using the dataset from internal temperatures of living rooms and bedrooms in 268 homes in Leicester measured during summer 2009, reported that 13% of the homes, of which significantly more had occupants aged over 70 years, were heated during the monitoring period (Lomas and Kane, 2013). Again homes with more external wall and poorer insulation standards (higher heat losses) were found to be cooler than others and the application of the adaptive thermal comfort standard BS EN 15251 to this large sample of free running UK homes, indicated again that most of the rooms were uncomfortably cool. Other studies including much larger samples of the UK housing stock have been conducted in recent years but their approach had not been based on measuring internal temperatures. Tillson et al. (2013) used SAP 2009 to assess the vulnerability of the English building stock in terms of overheating by utilising the English Housing Survey 2009. About 16,150 dwellings were weighted to represent the housing stock at its, then, current state and a set of adaptations was considered. They found that in the prevailing climate the most significant measure against the risk of 
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overheating was solar shading and external shutters. By adding 1.4°C to the default external temperature values used in SAP 2009 they attempted to project their findings to a future climate. The results indicated that some dwellings could still be at risk even with adaptation using the proposed measures. They concluded that “if widespread retrofitting of solar shading of various 
forms was encouraged it would help improve the resilience of the English housing stock to a 
warming climate”. However, their findings are not based on the collection of empirical data but rather on a number of assumptions given in SAP 2009 with regards to internal temperatures. A GIS-based approach by Mavrogianni et al. (2009) has proved that there is a link between average building height and summertime heat-related mortality. The authors have analysed the physical properties of 273,000 dwellings in London in order to examine the influence of local environmental factors such as built density, green coverage ratio and land surface temperature on the risk of death attributed to heat during the heatwave in 2006. They also found that the age and average height of buildings were statistically significant determinants of heatwave death. The absence of empirical measurements and the significant number of assumptions did not allow for an empirical model to be developed.  In a more recent study, regarding overheating in certified Passivhaus dwellings, Ridley et al. (2013) monitored the annual performance of the first certified Passivhaus in London and assessed the risk of summertime overheating using three different criteria (CIBSE, PHPP, EN 15251). The results indicate that the dwelling failed all three comfort criteria; nevertheless, the occupants reported that overheating was “not a problem” and that they enjoyed the warm summer temperatures since the design of the dwelling allowed them to use the terrace and balcony areas during the evenings, when most of the overheating occurred. This adaptation however could have had a subsequent effect to the internal temperatures recorded as it is likely there was no attempt to reduce solar gains in the internal spaces during the time the occupants were using the terrace and balcony areas. In a monitoring study of 26 homes located in 6 different sites across Scotland, Morgan et al. (2017) measured the internal temperatures at high resolution (5 minutes intervals). The dwellings were either of Passivhaus standard or constructed as low-energy housing. The results, based on the PHPP criteria, indicate that overheating occurred in all of the dwellings, during sunny and warm summer conditions, which included a heatwave. However, as the temperatures were recorded all year round, the figures showed that in many cases, overheating was spread throughout the year and it was the prevailing thermal condition in some of these homes. This could suggest that the occupants preferred higher internal temperatures but also points out the lack of interaction with the available systems in place to provide adequate ventilation (Morgan et al., 2017). The data from 
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the occupants’ feedback survey showed that in some cases occupants living in conditions considered by the PHPP criteria as overheating, throughout the course of a year, did not report overheating as a problem, whilst others that experienced overheating in only one month of the year did report the occurrence of overheating. This finding indicates that it might be useful to re think the definition of overheating and propose a different view in the search of the identification of the overheating risk, as an event during which the internal temperature significantly deviates from the long-term prevailing thermal conditions in a given space. McGill et al. (2017) analysed the internal temperatures from the living rooms and main bedrooms in 60 dwellings across the UK, recorded over a 2-year  period between 2012-14. The data collected did not allow for complete uniformity of the results, therefore the overheating assessment was based on three months’ data (February, April and August). The criteria used included the PHPP method as well as the CIBSE static and adaptive methods.  The statistical analysis that followed did not reveal significant relationships between the type of dwelling and the prevalence of overheating, but it did show some significant differences across construction types. The findings also indicate differences between dwellings with mechanical ventilation and heat recovery (MVHR) systems in place and those without; however, the geographical distribution of the sample did not allow concrete inferences. The authors suggest that the fact that in some homes, overheating was occurring across different seasons and geographical locations could mean that overheating is not just a function of external conditions. In this research project there was no qualitative data presented with regards to the occupants’ views in terms of whether they felt overheating was a problem in their homes. Neither has evidence been presented with regards to the clothing value of the occupants when in home, nor the actual occupancy schedule.  A study in four residential care and extra care homes in the UK has highlighted the lack of awareness of heat related risks due to increased summertime temperatures. Gupta et al. (2017) measured the internal temperatures in residential rooms, bedrooms, offices and communal spaces over a 3-month period in 2015. Although the external weather during the monitoring time can be described as a rather cool summer in the UK, in most internal spaces, overheating was the prevailing thermal condition according to both static and adaptive criteria. The study gives extensive qualitative evidence with regards to the occurrence of overheating, gathered as part of semi structured interviews with key members of the design and management teams. These provide a great insight on the current perceptions and practices with regards to identifying, as well as mitigating the risk of overheating in care settings in the UK, with a particular quote “overheating is seen as the poor sister of other aspects of climate change” and therefore very little is 
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done to prevent the risk, in either the early stages of design or during operations. The authors note the need to monitor indoor as well as local outdoor temperatures regularly with immediate feedback to the management and the frontline care staff to identify the occurrence of overheating and deliver timely action (Gupta, Barnfield and Gregg, 2017). This should also require a predictive mechanism that would be able to provide timely information and if sophisticated enough, suggest plans for action. A study focusing on the differences between vulnerable and non-vulnerable homes in Exeter UK, found that overheating occurred in 38% of the vulnerable homes (out of the 55 monitored homes) during the relatively warm summer of 2014 and the relatively cooler summer of 2015 (1st May – 30th September). The clear difference between the two groups can be attributed to the reduced levels of ventilation in the vulnerable homes. The study also included occupant surveys via paper questionnaires as well as telephone interviews, the results of which indicate that the overheating CIBSE TM52 criteria, used to identify the risk of overheating,  underestimate the occupants’ thermal discomfort (Vellei et al., 2017).  Mavrogianni et al. (2017), present an extensive study in an attempt to develop a method of predicting the overheating risk in a very large number of dwellings in London, UK, a city with a profound urban heat island effect. Measured temperatures from 101 homes are compared against a multiple linear regression meta-model derived from the dynamic thermal simulations of a large set of archetypical London dwellings. The measured data indicated that overheating is an existing problem in part of London’s dwelling stock, even during the rather cool summer of 2009. A key insight of this study is the analysis of the qualitative data recorded with the aid of a questionnaire that attempted to capture the behaviour of the occupants especially with regards to ventilation during typical and very warm days. The findings show that window opening for mitigating overheating in London dwellings is not a common practice, due to reasons that amongst others include security and increased noise levels. The results from the meta-model also indicate that standard modelling assumptions for window opening are not in line with the actual behaviour of the occupants recorded during this study. This finding might partly account for the inaccuracy of predictive models, attempting to assess the risk of overheating, especially in urban areas, based on standard modelling input assumptions. Baborska–Narozny et al. (2017) monitored the internal temperature in 18 flats, in one tower block, in Northern England, with the aim to examine the diurnal temperature profile patterns in relation to inhabitant practises with regards to overheating. They also administered questionnaires in all 200 flats of the tower block, conducted ethnographic surveys of temperature control measures and visited homes every 7 weeks. They reported overheating based on the 
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CIBSE static criteria in 44% of bedrooms and 28% of living rooms. The findings of their qualitative data, in an attempt to understand deeply the barriers to mitigate overheating, hold a great value. More specifically the authors note the occupants’ poor understanding of the means to prevent overheating as well as the conflicts between the Home User’s Guide, the property managing company and the plausible actions they could take. In some cases, these have resulted in undesirable yet successful techniques, in the occupants’ attempts to prevent their homes from getting uncomfortably hot.  A number of international studies, which measured internal temperatures in homes during summertime and reported the risk of overheating, have also been identified in the literature. In the USA, a self–reported occupant comfort survey, in an attempt to compare low income homes that have gone under Deep Energy Retrofits (DER) and homes that were renovated according to the Energy Star (ES) method, revealed that occupants in the Deep Energy Retrofited homes were less likely to report their homes as too hot during the period 2011-2013. Nonetheless, the Deep Energy Retrofits method requires a more air-tight building envelope than Energy Star (Wells et al., 2015). In France Derbez et al. (2014) report overheating in two newly built low energy houses during the first 3 years of occupancy between 2009 and 2012. The severity of overheating in some cases was marked as the internal temperature being above 27°C for 57% of occupied hours during the summer month of July 2010.  In Germany and Austria, four studies of occupants in 736 Passivhaus dwellings revealed that 56% of the occupants reported overheating during the summer for which they had to take measures against, including installing external binds and employing night time ventilation (ZCH, 2012). In the Netherlands, a qualitative study in 90 energy efficient homes (Low Energy Houses, Passivhaus, Nearly Zero Energy Houses), found that 34% of the respondents experienced too hot indoor conditions in their living rooms during summer 2009 and 49% reported too hot indoor environment in their bedrooms.  In Denmark, Larsen and Jensen (2011) measured internal temperatures in one of the first a Passivhaus a 3-year period. The measured temperatures showed severe overheating that had not been predicted in the PHPP package. They then compared measured temperatures against one empirical model and a dynamic thermal simulation model. The empirical model was based on input data from outdoor temperatures, global solar irradiation, internal loads, thermal mass of construction materials and U-values of constructions. Both models fail to predict maximum temperatures with the empirical model presenting differences of up to 10°C and the dynamic up to 8°C.  In a questionnaire based study, in 2011, Knudsen et al. (2013) reported that about 40% of 
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the occupants in 35 low energy homes in a municipality near Copenhagen, were dissatisfied due to high temperatures during summer. Brunsgaard et al. (2012) presented the measured temperatures from living rooms and bedrooms in 3 passivhaus certified houses (Comfort Houses) as well as the responses from a series of interviews investigating past experiences and those after the first year of occupancy in the comfort houses. The findings show a tendency toward high temperatures in all 3 cases. The occupants’ responses also indicated that the indoor environment was too hot during the summer and the option they were given by the design would not be adequate or possible to adopt.  In Sweden, Zalejska-Johnson (2012) reports that tenants of both low energy building and conventional buildings used supplementary cooling during summer but also that occupants under 50 years old were more likely to do so than those of 60 years and older. In contrast, Rohdin et al. (2014), documented higher number of complaints related to high internal temperatures during summer from occupants of passivhauses in Linköping, than those of conventional buildings. In another study looking at both low energy houses as well as conventional, in Finland, residents of both groups of houses reported too high room temperatures during summer (Holopainen et al., 2015). In a similar study, Kähkönen et al. (2015), note that occupants only in the conventional houses perceived the internal air temperature too high, every week during summer. In Estonia, Maivel et al. (2014), compared the risk of overheating in new apartment buildings (post 2000) and old (1960 – 1990) and found that 13.7% of the new apartments (n=61)  exceeded the criteria used in the Estonian regulations (maximum of 150 degree °C hours  over 27°C allowed), while none of the old houses did. In Greenland, a questionnaire that was distributed to more than 2000 households in the town of Sisimiut, indicated that over 60% of the respondents (n=270), reported problems with summertime overheating. Having established that overheating is already occurring in dwellings, it is important to review the modelling techniques that have been used in identifying and predicting the risk of overheating in dwellings, as the aim of this study is to improve current practises and develop a parsimonious yet accurate method of making predictions of current and future overheating risks in UK homes.  
2.4.2 Modelling Studies – Dynamic Thermal Simulation With the continuous advance of computer technology and the increasingly high levels of thermal insulation introduced to the building regulations, the need to investigate the likely risk of domestic overheating has inevitably grown. Also the continuous work of the UK Climate Impact Program (UKCIP) in producing a number of scenarios for future climate trends has allowed for an insight into the future.  
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Following a number of studies during the 1970’s, 1980’s and 1990’s, some of which set the foundations for the prediction of thermal performance of buildings using computer programs (Lomas and Bowman, 1985, Lomas et al., 1991, 1994, Lomas and Eppel, 1992, Lomas, 1996), Orme et al. (2003) set out to investigate the likely impacts of high insulation standards on overheating by simulating the thermal performance of four dwelling types with the aid of dynamic thermal modelling. By setting as overheating criteria the number of degree hours above 27°C, and by testing a number of adaptation measures such as the use of high thermal mass, solar shading and night cooling, they found that although none of the measures tested could eliminate overheating, the use of thermal mass together with night-time cooling was the most effective in preventing the risk of overheating.  A few years later, concerned by the possible increase in the use of air-conditioning due to the increasing temperatures during summer, He et al. (2005) simulated three dwelling types and they concluded that at the current climate of that time, the detached dwellings require more cooling energy and therefore would present a higher risk of overheating compared to semi-detached and terraced houses. One of the first studies to make use of the UKCIP climate projections was conducted with the aid of software developed by Arup during the 1990s (Holmes, 1992) by simulating 6 building types for 3 different locations (London, Edinburgh, Manchester) under the medium-high UKCIP02 climate scenario (Hulme et al., 2002) for 2020s, 2050s, 2080s (Hacker, Belcher and Connell, 2005). They suggested solar shading to be the most successful passive cooling adaptation option followed by controllable ventilation during the day and high levels of ventilation at night and the use of heavier weight building materials combined with night ventilation. Using the same future climate scenario but this time modelling a single semi-detached dwelling with four different levels of thermal mass each time, Hacker et al. (2008) found medium to heavy weight construction to be more likely to provide higher levels of thermal comfort compared to lightweight. The authors also suggested that if there are not sufficient levels of night time ventilation any unwanted heat retained in the fabric could cause overheating and therefore the use of thermal mass in the bedroom should be judged carefully.  In line with the findings above, Gupta and Gregg (2012) found that a detached dwelling presents twice the amount of hours above 28°C in comparison to a semi-detached dwelling in 2080 when simulated in IES. Their research also indicated that the built forms most likely to overheat were the mid-terraced homes and purpose built flats, however they modelled these forms with the heaviest occupancy schedules (pensioners or adults with young children at home). They also tested a number of passive adaptation measures and concluded that user control solar shading is the most effective in reducing the risk of overheating, thus no measures could entirely eliminate overheating in 2080. 
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Porritt et al. (2011) suggest that by 2080, in a Victorian terraced house, the overheating problem could be addressed by purely passive means. By using dynamic thermal simulations in IES they found that the most effective interventions for reducing overheating are wall insulation (where external performs better than internal) and measures to reduce solar heat gain, such as external window shutters and painting the external walls a lighter colour. In contrast to these findings, Collins et al. (2010) modelled 6 different dwelling types under a high emissions scenario and by varying a number of parameters such as location, ventilation rates, occupancy patterns or insulation level, they concluded that the well-insulated design would not protect against overheating significantly better. An interesting approach was taken by McLeod et al. (2013) where they investigated whether Passivhaus dwellings will be prone to overheating in the future and which design factors play a governing role in contributing to this. Their results indicate that the thermal mass played a clear role in the overall duration of overheating which was shown to be highly dependent upon solar gains reduction by shading as well as the glazing ratio on the south facade. An interesting observation from the results is that as the duration of warmer temperatures increases, the benefits of thermal mass in decreasing the risk of overheating are reduced. This finding was also supported by Mulville and Stravoravdis (2016) that coupled the software Ecotect and HTB2 (Heat Transfer in Buildings 2) to model the risk of overheating in a semi-detached dwelling in London and Edinburgh. They used different combinations of constructions (according to different standards in Building Regulations), thermal mass variations, orientations and window positions for a particular emissions scenario for the 2030s, 2050s and 2080s. The results suggest that at higher levels of insulation, the effect of the thermal mass in mitigating the risk of overheating reduces in the 2050s and 2080s. They also concluded that the current approaches to overheating as well as the focus of building regulations on increased energy efficiency by increased levels of insulation and air-tightness, could result in significant levels of indoor overheating, especially in the southern part of the UK (London). The effects of thermal mass in reducing the risk of overheating however seem to be depended on the time frame duration but also at the overheating metric used as criteria. Peacock et al. (2010) suggest that if the daily average internal temperature is used instead of the night time temperature as the basis for the overheating analysis, then there is a chance that the effect of thermal mass in reducing the risk of overheating could be overestimated. Based on the dynamic simulation of a single dwelling using ESPr they also concluded that the local climate appears to be one of the main parameters causing overheating. Their results showed higher levels of overheating for 2005 in London than for 2030 in Edinburgh.  
Chapter 2. Literature Review  
 31 
In another attempt to evaluate the effects of thermal mass, Rodrigues et al. (2013) have used the design of the Mark Group Research House, which was built to test modern methods of construction solutions, in order to develop a computer model that was used to investigate the potential to overheating in today's, and future weather scenarios. The result show that the dwelling is likely to present severe overheating if mitigation strategies are not used since the temperature in certain spaces such as the living room was found to be above the comfort zone for more than 30% of the year. In future climate scenarios, the dwelling is likely to be uncomfortable even if shading and ventilation were in place. The authors suggested that if the dwelling had been built using a material with higher thermal mass then the risk of overheating would have been mitigated.  Kendrick et al. (2012) used TAS in order to compare the thermal performance of four different levels of thermal mass, in terms of thermal performance (light, medium, heavy, very heavy) when exposed to 1990s and 2050s weather. Overall, their findings suggest that in the future, a heavy weight construction has the potential to create a thermal environment that is more resistant to daytime overheating. Furthermore, an interesting observation was that thermal mass is effective in reducing peak temperatures during the daytime but can cause thermal discomfort in the evenings and at night. Since early morning and evening/night temperatures are more important to the occupants, in some circumstances lightweight constructions may present an advantage over heavy weight constructions.  In a similar effort to provide an insight on how a typical UK dwelling will perform under future climate scenarios, Lee and Steemers (2017) modelled a typical UK mid-terraced dwelling with different constructions and under different future climatic scenarios using the software IES. The results showed that the risk of overheating varies greatly based on climate uncertainties but also none of the retrofit strategies they applied managed to eliminate the occurrence of overheating under some future climate scenarios.  The sensitivity of the results to different locations and climate years and also different overheating criteria, has been illustrated by Jenkins et al. (2013). They simulated a cavity-filled detached dwelling using a number of different climate scenarios and assessed the risk of overheating using three different criteria in two different locations in the UK (London, Edinburgh). The results indicated a higher level of overheating when the dwelling was located in London, but also significant differences between the findings according to different overheating criteria. However, the methodologies they used in assessing the risk of overheating varied in format and tools, therefore the comparison is not entirely accurate. 
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Apart from the important role of the climate and overheating criteria when predicting the risk of future overheating through the use of dynamic thermal simulation, another significant factor is the occupancy type and pattern. Coley et al. (2012) modelled a series of both structural (increased thermal mass, external shading) and behavioural (window opening, night ventilation) adaptation measures under three different climate change projections and showed that an alteration to how a building is used is as important as common structural adaptations. Bonte et al. (2014) investigated the impact of occupants’ actions on the energy demand and thermal comfort of buildings in France using TRNSYS simulations. The authors report the modelling of various combinations of operation of blinds, lights, windows, set-point temperatures, fan and personal clothing insulation. The results from the simulations of a single room showed that the most influential actions on thermal comfort are the set-point temperature, the clothing insulation and the operation of blinds. This outcome however needs to be validated against measured data. Sorgato et al. (2016), examined different window opening scenarios for effective natural ventilation control in residential buildings in Brazil. The study included the dynamic thermal simulation of a detached house, using EnergyPlus and the analysis of three different scenarios; having the windows open constantly from 7am to 12am, an automated control based on set point internal temperature of 21°C and having the windows open during the night (6pm – 12am), together with combinations of different building envelope thermal transmittance and capacity values. The results indicate that maximum thermal comfort is achieved when the ventilation control is automated for a set of low thermal transmittance and medium thermal capacity wall values. It is interesting that the night ventilation strategy does not include any hours from 12am till 7am, that is the period during which a night time ventilation strategy would be most effective, since the external temperature would be expected to drop considerably and therefore allow the indoor environment to cool down effectively. It is important to note that the simulated dwelling is placed in a city terrain where the urban noise and safety concerns act as disincentives for opening windows during late night hours (after 12am). Using EnergyPlus, Porritt et al. (2012) employed a weather file from the 2003 heatwave period and modelled a number of interventions in a row of three terraced houses. The results showed that the occupancy type can have a significant impact on the exposure to overheating, with the profile for an elderly couple presenting three times higher risk than a family of working adults. Another interesting finding, this time by Gupta and Gregg (2013), is that when assessing overheating for an occupancy profile for an elderly couple (present in the dwelling all day), the percentage of occupied hours above a threshold allows a far lower risk of overheating to be calculated in comparison to the total number of hours above a threshold, which seems to present 
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a more accurate result. It is evident therefore that when interpreting the outcome of overheating criteria, one should be cautious.  It is clear there has been a number of studies assessing overheating through modelling a limited number of dwellings or as in most cases only one. Nonetheless, there have been a few studies that have attempted to capture the impacts of climate change on a much larger sample. By simulating 400 different combinations of various future climate emissions scenarios weather files and building characteristics such as form, glazing and U-values, in IES, Coley and Kershaw (2010) showed that the relationship between increases in external temperature and increases in internal temperature is linear. As part of their research they have developed a set of coefficients, which according to different build forms, they can indicate a structure’s resilience to climate change. This study however has not been validated with any empirical data yet.  Oikonomou et al. (2012) simulated over 10,000 combinations of dwelling types, structure types, orientations, locations and ventilation modes using EnergyPlus and found that the built form and the thermal characteristics of a building have the greatest effect on the variation in high indoor temperatures. Findings also suggested that top floor flats with high thermal conductivity, and highly insulated houses with reduced solar protection and ineffective excess heat removal, are more likely to present higher internal temperatures by 2050. However, the combination of a number of models in order to produce the dataset of the analysis unavoidably led to a large number of assumptions upon which the study was based. In a similar study, this time using 3,456 combinations of dwelling types and characteristics (archetypes), selected in a way to represent London’s domestic building stock, Mavrogianni et al. (2012) found that while particularly combined insulation measures appear to decrease internal temperatures, if there is not any provision of night time ventilation then internal solid wall insulation may cause overheating. Another important finding of this study is that greater variation in overheating risk was found within dwelling types rather than between dwelling types, but overall top floor flats in high rise buildings were shown to be in higher risk of overheating. The study concluded that increases in wall insulation could lead to a reduced risk of overheating over a five-day hot period.  Using the same dataset, Taylor et al. (2014) have conducted a study on the effects of different climates on the overheating risk by applying different weather files to the archetypes. Warmer climates such as London presented the highest daytime and night-time indoor temperatures. Contrary to the findings by Jenkins et al. (Jenkins et al., 2013), their results also showed that buildings at risk of overheating in the south are also at risk in the North of the U.K. Nevertheless, there were distinct differences between the climates in London, Edinburgh and Newcastle and therefore the authors have concluded that the UK could be divided in distinct climate zones for 
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overheating (Scotland & Northern England, London and South & Central England). The overheating metrics used however (day mean maximum and night mean minimum) do not give an indication of the length or the severity of overheating.  Pyrgou et al. (2017) studied the effect of local microclimate on the risk of overheating in dwellings in central Italy. The simulations in Energy Plus made use of a TMY (Typical Meteorological Year) weather file that used data from a local weather station in the city of Perugia. The results showed that when southern winds clash with northern winds, they generate a turbulence that can help mitigate extreme heat events and therefore increase adhesive cooling of south facing urban surfaces. Furthermore, during extreme hot periods the increased levels of insulation resulted in more frequent temperature values above 26°C.  The main limitation of many modelling studies making use of dynamic thermal simulations is the absence of validation of the results against empirical data. This limitation however has started to be addressed in recent studies. Ji et al. (2014) attempted to evaluate the thermal performance of the Salford Energy House, a pre-1919 Victorian dwelling in both current and future weather after retrofit. The research included validating the IES initial predictions with actual measurements from the building in the chamber. The inclusion of two different overheating criteria in their study has resulted in varying results. According to the CIBSE static criteria the living room would not be overheated before 2050, while according to the BSEN 15251 adaptive comfort criteria, overheating would not occur before 2080 for high expectation occupants. In the case of bedrooms, static criteria indicate the occurrence of overheating as early as 2020 while the adaptive not until 2050. In addition, the selection of the UKCIP02 files instead of the UKCP09 resulted in greater number of hours over threshold temperatures for both static and adaptive criteria. Nevertheless, it was found that the risk of choosing an incorrect climate change projection can be dealt with by the implementation of non-structural adaptations. In Portugal researchers explored the effect of regional climate on the acceptable building design in terms of energy demand reduction and adequate thermal comfort (Figueiredo et al., 2016, Figueiredo, Kämpf and Vicente, 2016). The authors initially compared a dynamic thermal simulation model with measured data from a detached house in the central region of Aveiro to fine tune the model. The measured data initially showed long periods of overheating during the summer. A sensitivity analysis was performed to define the effectiveness of different passive features (glazing type, orientation, insulation thickness, bypass air flow rates) in preventing overheating in summer while complying with the Passivhaus requirements for the external building envelope. Different combinations of the passive features produced different results for 
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different regions. Therefore, the study concluded that the acceptable design is highly dependent of the regional climate. In New Zealand, a dynamic thermal model of a dwelling was developed using data from a test house and a number of different design interventions were tested in order to reduce the risk of overheating according to the CIBSE static and adaptive TM52 criteria (Birchmore et al., 2017). The study found a gap between the measured data and the results produced by the simulated dwelling in EnergyPlus. The internal temperatures were aligned when the solar radiation was low; however, the simulations produced a thermal environment more responsive to the sharp peaks in the solar radiation than the one measured. The intervention with the most significant impact in reducing the occurrence of overheating was the removal of the east facing glazing. The authors conclude that the solar gains appear to be the dominant factor in the risk of overheating. The research however did not include any occupancy factors and therefore no occupant-based actions were modelled. In Cyprus Fokaides et al. (2016) used measured data from a Passivhaus to validate a dynamic thermal simulation model in DesignBuilder. The research focused on the impacts of employing night ventilation, increasing the capacity of the HVAC system and applying a low emissivity coating on the external walls and the roof, on improving the thermal comfort conditions in the dwelling. The authors measured significant overheating during hot spells in summers of 2014 and 2015. With the use of computational fluids dynamic (CFD) analysis, the validated simulation model exhibited substantial reductions in the internal room temperatures when effective night time ventilation was applied. The modifications of the HVAC system showed that faster reduction of the internal air temperature could be achieved if the capacity was nearly doubled, while the application of low-e thermal coating presented negligible effects. The results of the simulations could be fed back to the occupants of the dwelling, to improve their living during extremely hot weather. The method of dynamic thermal simulation modelling allows for a large number of variables to be explored in order to assess the risk of overheating in dwellings. However, the uncertainties associated with the increasingly large number assumptions required in the input data of these models have in many cases produces a large gap between the modelling outputs and the measured or reported occurrences of overheating. In response to that, a growing number of studies are attempting to develop statistical-mathematical methods to calculate the risk of overheating in dwellings.  
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2.4.3 Modelling Studies – Statistical / Mathematical / Empirical  The development of alternative methods for calculating internal temperature in buildings and therefore overheating risk, is an area of on-going research. The approaches taken much depend on the available data and the desired output.  In an early study, in 1998, Professor Baruch Givoni, measured the internal temperature of three buildings with different thermal mass (low, medium, high) but with the same heat loss coefficient under different ventilation and shading conditions in south California US during the summer of 1993. He then analysed the relationship between the indoor maximum temperature and a number of different metrics of the outdoor temperature and found that the best correlation is given when using the average of the outdoor. Based on this finding he developed a simple mathematical formula predicting the indoor maximum based on the outdoor. The difference between the calculated and measured indoor maximum values was within 1K throughout the monitoring period. However, there the buildings were not occupied during the experiment and therefore, the impact of the occupant’s behaviour was not taken into consideration. He also observed that night ventilation had a very small effect on the maximum indoor temperatures of the low thermal mass building yet it was very effective in lowering the indoor maximum temperatures below the outdoor maximum for the high thermal mass building.  In a following study, Krüger and Givoni (2004) repeated the same method but this time in occupied houses in Brazil. Measurements of the internal air temperature were taken during the summer using HOBO sensors and a thermal simulation was carried out using the French software COMFIE. The authors also developed the mathematical equations that predicted the maximum, minimum and average internal temperature based on different forms of the external temperature. Interestingly they note: “In developing formulas for predicting the indoor daily maximum, average, 
and minimum temperatures the first issue, with respect to each one of these indoor parameters, is to 
find out which parameter of the outdoor climate could best serve as a basis for prediction”. The outputs from both models were compared against the measured data the results showed high levels of agreement, although the mathematical model performed substantially better than the more sophisticated thermal simulation. However, the study did not involve a period where the mathematical model was trained and one where it was tested.  In a similar study but this time monitoring a single passive solar house in Israel, Krüger and Givoni (2008) attempted again to develop an empirical model predicting internal maximum temperature. The data collected from a two storey passivhaus in Israel were divided in two periods, one to develop the model and one to test the predictability accuracy. Their analysis of the pattern of the external maximum, average and minimum temperatures in relation to the indoor 
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temperature suggested that the indoor temperature on a given day is a product of the average conditions of previous days and therefore their predictive model was based on a number of different metrics of the outdoor temperature as well as the global radiation and a factor indicating whether the house was occupied or empty. Overall the results showed agreement between measured and calculated internal maximum temperature, however the formulas have not been validated with any other building formation or dataset and therefore they solely apply to the building they were tested on. The authors though make a very interesting remark in relation to the presented stability of the indoor temperatures, during significantly variable external weather conditions, due to the high thermal mass of the dwelling: “the indoor temperatures in a given day 
“remember” and average the conditions from several previous days” (Krüger and Givoni, 2008).  Wright, Natarajan and Young (2005) in their attempt to model the influence of the external temperature on the internal temperature used the concept of “historic” temperature, a recursive form of the external temperature that was previously used for modelling gas heating demand. The authors here state that “the correlations between time-averaged outside temperatures and internal 
temperatures provide a method for predicting dwelling temperatures in the future without the need 
for detailed simulation and including real occupancy effects” (Wright, Natarajan and Young, 2005).  Sakka et al. (2012) have also touched on the concept of the “memory” of an internal space in relation to the outdoor temperatures. They named the length of the past and present values of the outdoor conditions that have an impact on the indoor temperatures, the “climatic memory” of a certain building and further attempted to correlate the average indoor temperature with a form of the outdoor temperature that included the average of up to four past days.  Lomas and Porritt (2017) also make a similar remark  by adding: “to a first approximation the 
indoor temperature might be set as similar to the ambient temperature, perhaps with some time 
delay and thus contribution from previous days’ temperatures” (Lomas and Porritt, 2017). Although Krüger and Givoni (2008) suggested that this memory of a building is attributed to its thermal mass, this concept of “climatic memory” is rather a function of a dynamic system, that includes the external climate (external temperature, humidity, wind speed, solar radiation), the building envelope and the occupant’s behavioural actions towards a thermally comfort indoor environment.  The expansion of the Passivhaus standards in Europe gave the opportunity for more studies to include collected data from such houses. Mlakar & Strancar (2011) measured and analysed data from a certified Passivhaus of a single family located in Slovenia during 2007, 2008 and 2009. They developed a simple mathematical model of energy flux that enabled them to identify the 
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parameters that affect the general response of the house. Their results showed the energy gains had an influence to the overheating of the house and more specifically strategies like strict shading during the day and excessive ventilation through during the night can keep the internal temperatures within an acceptable comfort level and prevent extreme levels of overheating. In a study conducted by measuring internal temperatures in test chambers, Ogoli (2003) was able to predict the maximum internal temperature in high thermal mass and low thermal mass buildings achieving R2 values of 0.86 and 0.88 respectively. However, this study did not include the existence of occupants therefore the variation explained is solely due to the envelope characteristics of the test chambers. Using data derived from dynamic thermal simulations, Patidar et al. (2011) have proposed a methodology that uses linear predictors fitted using standard regression methods to capture the behaviour of a dynamic simulation model (such as ESP-r). They suggested that the results from their validation of the statistical model show that it can be as reliable as detailed simulations using complex modelling software. In a following study (Patidar et al., 2014) they examined different overheating criteria specifically designed for corresponding to the heatwave definition as given by the Met office (Perry, 2006). With the aid of the statistical model they indicate that for a medium emissions scenario, the average night bedroom temperature for the period 2030s-2080s could reach 26 to 28 °C. The validation of this model however has been done using different climate scenarios with no empirical data involved.  Jenkins et al. (2014) have developed a series of curves corresponding to the predicted probability of an increase in overheating risk by simulating a dwelling for 100 random and equally probable climate years selected from the UKCP09 database under a medium emissions scenario for 2030. The method also includes curves corresponding to proposed adaptation measures such as window opening or shading and reduced gains. The results suggest that it is possible to find a simple calculation method that maintains the detail from the probabilistic climate projections used. However, once again the proposed tool is associated with a gap in the methodology as it emulates building simulation output and not empirical data.  A gap that Kelly et al. (2013) managed to overcome by using a dataset of 266 dwellings, a superset of the one used by Beizaee et al. (2013). Based on a number of behavioural, social and demographic factors (dwelling type, age of occupants, thermostat setting, geographic location and other) and by using panel methods, they developed a model that explains 45% of the variance of internal temperature and can predict the daily mean internal temperature demand of the building stock to within 0.71°C of actual recorded temperature with 95% confidence. An interesting point 
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mentioned by the authors is that the user controls seem to be able to assist in reducing the internal temperatures of a house.  A study involving a GIS mapping approach was conducted by Smargiassi et al. (2008) in order to model the urban spatial patterns of indoor temperatures in time. The indoor temperature of 75 dwellings in Montreal, Canada was measured hourly during July 2005. A regression model based on the internal temperature measurements, the surface temperature (recorded through a satellite image building characteristics) and the outdoor temperature from a local airport was developed. The model explained 54% of the variability in indoor temperatures. An interesting finding from this study is that the rate at which indoor temperatures increased with outdoor temperatures was found to be the same in small as well as in large buildings. A few years later, again in Montreal Canada, this time using a selection of 55 houses based on the buildings with the most vulnerable people, with low income, living in hot and highly populated areas, Mirzaei et al. (2012) measured the hourly internal temperatures during summer 2010 together with the building volume and other factors such as the aspect ratio, vegetation ratio, solar radiation and occupant heat gains. The outcome of the study was the development of two models, a simplified and an advanced, using the artificial neural network (ANN) technique. Although the advanced model required many more input parameters for its neural network, the prediction accuracy was substantially better. A significant finding from their comparison between the measured and predicted internal temperatures was that the building volume is of major importance for the accuracy of the predictions. In a following study, Ashtiani et al. (2014) developed an AutoRegressive (AR) time series model and compared it with the advanced Artificial Neural Network (ANN) model from Mirzaei et al.  (2012). The AR time series model was based on a subset from three buildings and had as inputs a temperature metric based on the outdoor dry bulb temperature and the solar radiation, the wind speed and the outdoor relative humidity. The simulations using the time series model gave a larger error compared to the advanced ANN model; however, the simplicity of the time series model is promising for future research developments. White-Newsome et al. (2012) used the measured internal  temperatures (1st June – 1st September 2009) from 30 homes in Detroit, USA, to develop an AR model predicting the internal temperature. The results showed that the model was able to explain 98% of the variation, when including the past measured data as a variable. Alfonso Ramallo-Gonzales (2015) used AutoRegessive Integrated Moving Average (ARIMA) models in an attempt to reconstruct missing data in building environmental datasets (internal temperatures and electricity use) that were gathered from a sum of 142 buildings.  
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Iddon et al. (2015) used Distributed Lag Models (DLMs) to predict internal temperatures in hospital wardens, based on past measured internal temperatures, external temperatures and solar radiation. Their model seems to be performing reasonably well. However, the presented results show predictions for a period of only up to a week and no proof is presented regarding the ability of the model to produce accurate predictions further ahead in time.   Published work by the author has shown that Auto Regressive Integrated Moving Average (ARIMA) models can produce accurate predictions but often only up to 24 hours ahead (Oraiopoulos et al., 2015a, 2015b). This could allow for a 24-hour window, at the very best, when providing risk alerts to occupants in relation to preventing the occurrence of overheating. In some cases, this period might be enough for cooling down an internal space, by opening windows, applying night-time ventilation, making use of blinds, but in many cases it might not be sufficient, as occupants could be out of the home.  Overall, there have been a number of studies applying machine learning methods and other sophisticated inferential techniques such as artificial neural networks, autoregressive models, multiple linear regression models, multilayer perception, non-linear autoregressive exogenous multilayer perception, clustering, transfer functions and other (Bentzen and Engsted, 2001, Mechaqrane and Zouak, 2004, Pfafferott, Herkel and Wapler, 2005, De Gooijer and Hyndman, 2006, Thomas and Soleimani-Mohseni, 2007, Catalina, Virgone and Blanco, 2008, Bacher, Madsen and Nielsen, 2013, Mateo et al., 2013, Ogunsola, Song and Wang, 2014). Most of these techniques however do not allow for a clear picture in terms of the exact methodology and the derived relationship between variables. In many cases the errors that are formed in a prediction accumulate over a period of time and it is not possible to bring the estimated values back into alignment with the measured data. Nevertheless, these techniques that make use of measurements to explain the variation in the data, do present advantages over other modelling methods as they often require a limited number of assumptions and input data. 
2.5 Summary 
This chapter presented studies that cover both measuring and modelling methods when assessing the risk of overheating in homes. These included studies using different methods, data, and overheating criteria, those covering various regions and various scales from a single dwelling to a few hundred, both in the UK and internationally. It was of great importance to present modelling studies that made use of empirical data to show the gaps that exist in developing models based on measurements alone, and the progress in understanding the relationship between the external and internal air temperatures. This has informed and largely influenced the methodological 
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decisions in the presented study in using simple techniques (such as regression) to develop a method for predicting the internal temperature in homes and therefore the risk of overheating, based on the external climate conditions.  Another key aspect of this literature review is the presentation of the formation of the overheating criteria from the mid-20th century to those used in recent years. The research showed that the development of the overheating criteria was originally based on studies in unoccupied, unventilated offices, where the threshold peak temperatures where defined by matching data from separate qualitative and quantitative field studies. The design requirements for offices and schools in terms of overheating were further developed based on the relationship between the external and internal temperature and were applied throughout the UK’s building stock. Furthermore, guidelines from countries in central Europe were adopted, without any evaluation in terms of their appropriateness regarding the building stock and the thermal comfort conditions in dwellings in the UK. These have formed the overheating criteria used in many recent years and still form part of the most recent developments in the CIBSE guides. The advances of computer technology and modelling software allowed the use of dynamic thermal simulation in conducting comprehensive sensitivity analyses for the optimisation of building design. Researchers have examined the impact of location, type of dwelling (detached, flats, etc.), thermal mass, fabric (external/internal insulation), level of external solar shading, ventilation rates, provision of night time ventilation and occupancy types and patterns, on the risk of overheating in homes. The results are sometimes contradictory however, they largely indicate that the use of thermal mass together with the provision of night time ventilation and the use of shading can have a positive effect in reducing the risk of overheating in dwellings. With the aid of future weather generators, dynamic thermal simulations have also showed that top floor flats and highly insulated houses with reduced solar protection and ineffective ventilation, are likely to be more prone to overheating by 2050. The main disadvantage of dynamic thermal simulations however, is that they typically require a large number of inputs and entail large number of assumptions, which may elevate the level of uncertainty in the results. Therefore, the validation of the models against measured data from field studies is of significant importance. As overheating became more apparent in dwellings and indoor temperature sensors became more reliable, cheaper to buy and easier to install, large-scale measurement studies revealed interesting insights in terms of the thermal conditions sought by occupants in homes. The evidence from field measurement studies suggests that overheating is an existing problem across countries and regions and is commonly found in modern high-energy efficient, airtight buildings. However, the collection of qualitative data at the same time indicates that the concept of 
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overheating can be subjective as there are occupants who prefer higher ranges of comfort temperatures throughout the year. Therefore, it is clear that the overheating criteria available to date have not fully captured the variety sought by occupants in domestic thermal environments. Additionally, the available data have not been associated with air quality data and therefore it is hard to say if the elevated comfort temperatures are directly associated with unhealthier indoor environments. It is clear that the recent technological advances in monitoring devices and interconnectivity have allowed for the collection of large datasets. Nonetheless, the costs associated with deploying sensors to large numbers of dwellings and conducting structured interviews with occupants remain high. The findings from such studies, are however extremely significant, as many cases reveal hindered issues related to practises and occupant behaviours that otherwise could not have been assumed. Measured data indicate that standard modelling assumptions such as window opening are not in line with the actual behaviour of the occupants. This underlines possible causes for the inaccuracy of predictive models, particularly dynamic thermal simulations, which are used in assessing the risk of overheating, especially in urban areas, based on standard modelling input assumptions. Moreover, researchers have highlighted the need to monitor indoor as well as local outdoor temperatures regularly, with immediate feedback to occupants in order to identify the occurrence of overheating. This should also require a predictive tool that could to provide timely information with regards to the future risk of overheating and if sophisticated enough, suggest plans for action. The gathering of increased volumes of measured data has allowed multidisciplinary approaches to be taken in understanding and explaining the variations in the internal temperature data in homes. Studies from the middle of the 20th century gave particular attention to the relationship between the external and internal temperature. The need to identify the parameter of the outdoor climate that can serve as basis for predicting the internal temperature became apparent and later materialised with the aid of measured data. Researchers recognised that in free-running spaces, the internal temperatures “remember” and average conditions of the external temperature from the past and previous days. However, a methodology that fully explores that concept has not been developed until now. A number of studies highlighted the possibility to study the regression between the external and internal temperature as it was believed to provide a mechanism of predicting the thermal response of buildings to future climate. This has been applied in the presented study and will be further analysed in detail in Chapter 3 where the methodology of this work is presented. 
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The developed empirical models up to present have not been able to explain a large portion of the variation in internal temperatures in homes. Some require a large number of inputs that are difficult to measure (such as behavioural factors) while other use techniques that limit the length of predictions as they produce errors which accumulate over a period of time and it is not possible to bring the estimated values back into alignment with the measured data. The current study will use descriptive time series analysis that has been applied in diverse fields from economics to astronomy, to develop a statistical model able to predict the risk of overheating in UK homes. The advantage of descriptive time series analysis over other black box approaches is that it is an exploratory technique that allows a clear understanding of the causality of internal temperatures.  In this study the descriptive time series analysis method is applied to room temperature data to firstly explain the variation of the internal air temperatures in UK homes and secondly develop a statistical model to predict the risk of overheating in living rooms and main bedrooms.   
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Chapter 3. Methodology 
3.1 Introduction 
The aim of this chapter is to describe the methods used in collecting and analysing the 4M dataset, a study of 228 dwellings in Leicester which forms the basis for the analysis in this work. This thesis uses the measured indoor air temperatures from the living rooms and main bedrooms of 228 dwellings in Leicester together with a series of household and dwelling descriptors recorded during the 4M Household Survey in 2009. This chapter also describes the mathematical methods used in analysing and processing the data in order to develop the statistical predictive models and the results are reported in Chapters 4 to 6. Section 3.2 presents the 4M Household Survey, including a description of the background of the 4M project, its aims and objectives, the partners of the 4M consortium and a brief description of the city of Leicester. Furthermore, it describes the survey, the recruitment process, the household interviews, the number of homes that took part and, most importantly, it provides with summary statistics of the building and household related data collected during the survey.  Section 3.3 presents the equipment and methods used to collect and process the 4M indoor air temperature data, from the placement of the monitoring equipment to the process of cleaning the recorded data and making decisions on measurements to exclude. It describes the final form of the data used in this thesis and outlines the programming tools used in the analysis. Finally, it presents a sample of the indoor air temperature measurements and describes the monitoring period. Section 3.4 presents the external weather data.  It describes the location and the equipment used to measure the external air temperature and the global solar irradiation, the monitoring period and the measured data and a comparison in relation to the area’s long term statistical figures. Section 3.5 presents the modelling method applied in developing statistical models for predicting internal air temperatures in UK homes. The time series analysis method is described and its application on internal room temperature data is explained in detail. The development of the predictive model based on measured internal air temperatures, external air temperature and solar radiation is outlined and the mathematical equations used are defined in detail. Section 3.6 presents a summary of this chapter. 
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3.2 The 4M Household Survey 
3.2.1 Overview The 4M Household Survey was part of the 4M project, a university research project aiming to measure, model, map and manage (4M) the urban carbon footprint of the city of Leicester in the UK. The 4M was a four-year project starting in March 2008 funded by the UK Engineering and Physical Sciences Research Council (EPSRC). The 4M consortium comprised of five UK universities (Loughborough University, De Montfort University, Newcastle University, the University of Sheffield, and University of Leeds) and was supported by an international advisory panel and the Leicester City Council. This multi-disciplinary approach enabled a holistic view of proposed carbon reduction initiatives to be assessed within a real social and economic context of a UK city.  The city of Leicester was chosen as a representative urban environment and a large scale citywide housing survey (the 4M Household Survey) was administered between 2009 and 2010. Leicester is situated geographically in central England in the region of East Midlands (Figure 3.1) and with a population of 329,900 is the UK’s 10th largest city (ONS, 2011).  
 
Figure 3.1: The location of city of Leicester in the UK (Google maps) The full title of the project is Measurement, Modelling, Mapping and Management (4M): An Evidence-Based Methodology for Understanding and Shrinking the Urban Carbon Footprint. Its aim was to provide the framework, in terms of methodology, data, analysis and validation 
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techniques, that can be used in order to identify, manage, visualise and interpret the carbon sources and sinks in cities in the UK (Lomas, 2011). The project was divided in 4 key areas:  
• Domestic Buildings (investigating domestic energy use and carbon emissions from the city’s dwellings) 
• Non-domestic buildings (exploring domestic energy use and carbon emissions from the city’s offices, schools, factories and shops) 
• Transport (looking at the current modes of transport in the city and more environmentally friendly options) 
• Biological sequestration (examining how the city's gardens, parks and other green spaces can be managed to 'lock in' carbon dioxide) These key areas fell in the wider research themes of the project: Building Energy, Transport Systems, Biological Sequestration, Integration and Representation which provided the information for modelling, mapping and managing the carbon footprint of the city of Leicester by collecting data from a number of parameters within the city’s boundaries. 
3.2.2 Data Collection The 4M Household Survey comprised of the recruitment of a representative sample of homes in Leicester, a face-to-face interview with the households and several post interview activities. The household survey interviews were conducted by trained interviewers, on behalf of the National Centre for Social Research (NatCen). The researchers aimed to improve the understanding of the relationships between household composition, energy use in homes, travel, socio-economic status and also the management of any outdoor space that maybe associated with dwellings.  A random sample of 1,000 households was selected to be representative of the Leicester households, by stratifying according to percentage of households with no dependent children and by percentage of detached dwelling. Of the 1,000 households initially approached, 575 households agreed to take part in the survey. Figure 3.2 indicates the location of the 575 households relative to the area of the city of Leicester (to preserve anonymity, the points on the map have no direct relationship to the households surveyed but rather give a sense of the number and rough location of those interviewed). 
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Figure 3.2: Location of the 575 households surveyed (Source: Lomas et al., 2011) For the purposes of the survey, a face-to-face computer aided personal interview (CAPI) questionnaire was administered to the 575 households and conducted between 17 March and 18 June 2009. Each interview lasted about 45 minutes and had at least 247 questions supported by 51 show cards (Lomas, 2011). In order to keep the length of the interview short, a number of questions were asked only to the household representative person (HRP). The responses to the questions were then coded on a numerical scale and inputted into the statistical software SPSS. A screenshot of this file is shown below in Figure 3.3.  
Chapter 3. Methodology  
 48 
 
Figure 3.3: 4M Household Survey interview responses coded in SPSS (Source: Kane, Firth and Lomas, 
2015) 45 of the questions allowed the capture of descriptors that were related to the people living in the dwelling and to building energy. These responses have been used in previous research to show the effect of dwelling construction, energy system usage and occupant characteristics on the occurrence of elevated temperatures and thermal discomfort (Lomas and Kane, 2013, Kane, Firth and Lomas, 2015). Table 3.1 summarises some of the key descriptors that relate to the thermal properties or thermal behaviour of the dwellings. 
Table 3.1 Examples of descriptors related to the thermal properties, thermal behaviour or the 
occupants of the dwellings  Descriptors Information  Built form 5 types (i.e. detached, mid-terrace, flat, etc.) Age of the dwelling year of construction in 6 different age bands Type of external wall 3 types (solid, cavity wall, filled cavity) Level of loft insulation 4 types according to thickness in mm  Size of the household Number of occupants (1-7) Age of the oldest occupant 6 age bands Type of tenure 4 types  
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During the 4M survey the occupants were asked to take part in a further study by placing temperature monitoring devices in their living rooms and bedrooms for an eight-month period. After cleaning the temperature data, it was found that from the 575 homes only 228 homes returned devices with useful data for the purposes of this study (this is further analysed and explained in Section 3.3). Figure 3.4 below presents a schematic of the household data collection process, from the initial approach to 1,000 homes to the final collection of useful temperature data for the purposes of this study from 228 homes.  
  
Figure 3.4 Diagram of household data collection process (adapted from Lomas and Kane, 2013) After the sensors were returned valid data were available from 183 homes where both living room and bedroom internal air temperatures were recorded, 27 homes were only data from living rooms were measured and 18 homes where only data from bedrooms were measured. Hence some of the houses have only got measured temperatures from a single room. This data have already served as a solid basis for research projects focusing on indoor temperatures during the summer time (Lomas and Kane, 2013).  It is important to note that although a number of questions were asked on heating systems, their uses, thermostats, specific settings, all related to building energy consumption, there was no information recorded in relation to potential mechanical cooling of internal spaces. Moreover, there are no data confirming the orientation of the dwelling and the position of the spaces (living 
1,000 homes (100%) approached
575 homes (58%)agreed to take part in the survey
228 homes (23%)returned useful temperature data(The 228 4M Homes)
183 homes with recorded temperatures  in both  living rooms & bedrooms27 homes with living room only temperatures18 homes with bedroom only temperatures
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room, main bedroom) within the dwellings (front, back, ground floor, 1st or 2nd floor, etc.) or the existence of any solar shading (e.g. overhangs).  In addition, the survey did not include any information with regards to the occupants’ actions during summertime such as the opening of windows, the use of internal/external blinds, their presence or absence from the house. The impact of the absence of all this information on the findings will be further discussed in the results sections. The reader should however note that although the 4M survey was not originally designed with a view to analyse the data in the context of overheating, it is one of the few significantly large temperature monitoring studies that makes this work possible.  
3.2.3 Data Description This section will present a statistical description of the 4M homes dataset. In this work, the “228 4M homes” refers to the data collected from the 228 homes which were found to be free-floating (i.e. no mechanical heating or cooling) during the period between the 1st July and 31st August 2009. The composition of the 228 4M homes data is compared to the 2011 census data for Leicester to assess the representativeness of the sample. They are also compared to both the census 2011 data for England and to the 2009 English Housing Survey (EHS, 2009) to allow a nationwide comparison as not all of the descriptors are present in both census and EHS 2009. The census is taken every 10 years; its completion is a legal requirement and is a key survey for assessing the needs of local communities in the UK. The 2011 census for England included about 22.3 million households that submitted the questionnaire online or via post (ONS, 2011). The census data for Leicester were gathered from a total of 123,000 households. The English housing survey collects data with regards to the housing circumstances and the energy efficiency of housing in England (EHS, 2009). An interview based survey is conducted on a sample of about 13,000 households and following that, a physical survey, involving a physical inspection of a subsample of about 6,000 households, is conducted by qualified surveyors. The descriptive statistics of the parameters associated with the thermal properties or the thermal behaviour of the dwellings in the 228 4M homes data, the 2011 census for Leicester, the 2011 census for England and the 2009 EHS are presented in Table 3.2 and Table 3.3. These have been divided in those related to the dwellings’ characteristics (Table 3.2) and those related to the households’ characteristics (Table 3.3).  Both tables present the information in terms of the frequency found in the 228 4M homes sample (n) and in terms of percentages.  
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Table 3.2: Descriptive statistics of dwelling related characteristics of the 228 4M homes sample 
Categories Characteristics Frequency 
(n) 
4M 
2009 
Percentage (%)  
(number of homes with characteristics / total 
number of homes in survey) 
4M 
2009 
Leicester 
2011 
Census 
England 
2011 
Census 
EHS  
2009 
EHS  
2014 Dwelling Type Detached 21 9.2 10.5 22.3 17.0 17.3 
 Semi-detached 96 42.1 35.2 30.7 25.6 24.8  End-terrace 23 10.1 31.6 24.5 28.9 30.1  Mid-terrace 60 26.3  Flat 28 12.3 22.5 22.1 19.3 19.9  Other1 - - 0.1 0.4 9.2 7.9  Total 228 100 100 100 100 100 Dwelling Age Pre 1900 19 8.3 - - 21.5 20.1  1900-1919 26 11.4 - - 
 1920-1944 72 31.6 - - 16.5 16.7  1945-1964 40 17.5 - - 20.2 19.1  1965-1980 36 15.8 - - 20.7 20.4  Post 1980 35 15.4 - - 21.1 23.7  Total 228 100   100 100 Wall Type Solid 100 43.9 - - 30.9 28.8  Cavity 55 24.1 - - 34.4 21.0  Filled Cavity 73 32.0 - - 34.7 47.8  Other - - - - - 2.4  Total 228 100   100 100 Loft   Above 200mm 120 52.6 - - 40.62 38.5 Insulation Below 200mm 43 18.9 - - 56.03 61.5  None5 49 21.5 - - 3.44  Don’t know6 16 7.0 - - - -  Total 228 100   100 100 1 Includes mobile, temporary structures and bungalows 2 Figures are based on home with given loft and insulation above 150mm  3 Figures are based on home with given loft and insulation below 150mm  4 Figure is based on homes with loft but no insulation in place 5 Includes homes with no loft (flats) and homes with no insulation in the loft 6 Respondents insisted they had no idea there was any level of insulation in the loft  
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Overall the 228 4M homes dataset is reasonably representative of the city of Leicester and of the housing stock in England. The spread of the descriptors is similar, to an extent, throughout the datasets presented. The majority of the homes are semi-detached (42.1%), with terraced houses and flats presenting higher percentages than detached houses. There are some distinct differences between the census 2011 data for England and the EHS 2009, such as the terraced houses being more than the semi-detached in the EHS 2009, which could be due to the fact that the EHS 2009 was based on a sample of about 13,000 homes while the 2011 census data for England 22.3 million households across the country. Compared to the latest the EHS 2014, there are small differences, with a slight increase in terraced home and flats.  The following three descriptors relating to the dwelling characteristics, the age of the homes, the type of external walls and the level of loft insulation cannot be compared to the 2011 census as no such data were collected during the 2011 survey. Nonetheless, a comparison to the EHS 2009 shows that overall the housing stock in the 228 4M homes dataset is somewhat older than that of England. More than 50% of the housing stock in the 228 4M homes dataset was built before 1945 in comparison to 38% in the EHS 2009. Furthermore, about 30% of the 228 4M homes housing stock was built after 1965 compared to 40% in the EHS 2009. There are also some differences in the type of external wall between the 228 4M homes and the EHS 2009 with more homes with solid walls than those with cavity walls presented in the 228 4M homes sample and the opposite taking place in the EHS 2009 sample. It is interesting to note the increase in cavity wall insulation between the EHS 2009 and 2014. As for the level of loft insulation, it is not simple to compare the two datasets as the EHS 2009 only gives information on dwellings with loft insulation while the 4M homes dataset includes those without a loft as well. The household related characteristics that are used in this study with regards to their potential impact on indoor overheating are the household size, the age of the oldest occupant and the type of tenure. The overall distribution of the 4M sample is comparable to the 2011 census for England, where households with two occupants are most common, followed by single occupancy dwellings. In all three cases a household size of five occupants or more was the least frequent.  A very important descriptor with regards to indoor overheating is the age of the oldest occupant in a dwelling, as the effects of increased temperatures can be detrimental for the elderly. Here, 37.8% of the dwellings were occupied by a person over 60 years of age with 17.6% being over 70, a figure comparable to the 13% found in the censes 2011 data for England. In both samples the majority of the HRP in the sample was in their 40s during the time of the survey. The type of tenure was also recorded during the 4M survey and is presented in this thesis, as different motives and policies with regards to energy related home refurbishments might apply to homes 
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with different types of tenure. Table 3.3 shows uniformity as rented properties account for between 60-70% across all datasets. 
Table 3.3: Descriptive statistics of household characteristics of the 228 4M homes sample 
 
3.3 4M Indoor Air Temperature Data 
This section presents the collection methods of the indoor temperature data and an initial qualitative and quantitative description of the temperature profiles from the 228 homes of the sample. 
Categories Characteristics Frequency (n) 
 
4M 
2009 
Percentage (%) 
(number of homes with characteristics / 
total number of homes in survey) 
4M 
2009 
Leicester 
2011 
Census 
England 
2011 
Census 
EHS  
2009 
 
Household  Size 1 63 27.6  30.0 30.2 -  2 78 34.2  27.3 34.2 -   3 32 14.0  15.8 15.7 -  4 35 15.4  14.6 12.9 -  5+ 20 8.8  12.3 7.0 -  Total 228 100  100 100  Age of Oldest  20 14 6.1  - 4 - Occupant  (years) 30 34 14.9  - 14 -  40 55 24.1  - 30 -  50 39 17.1  - 26 -  60 46 20.2  - 13 -  70+ 40 17.6  - 13 -  Total 228 100   100  Tenure Own, outright 89 39.0  25 64 67  Own, mortgage 70 30.7  35  Rent 65 28.5  40 36 33  Other1 4 1.8  - - -  Total 228 100  100 100 100 1Includes living rent-free and other forms of tenure (i.e. squatting) 
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3.3.1 Data Collection Indoor air temperatures were measured for a subsample of the original 575 homes that agreed to take part in the 4M survey. Hobo pendant type temperature sensors (Figure 3.5) were placed in the living rooms and main bedrooms of the dwellings (one per room) and measured the internal air temperature every hour over an eight-month period, starting on 1st July 2009. 
 
Figure 3.5: Hobo pendant type temperature sensor The Hobo pendant sensors were chosen due to their small size, low cost and their robust and waterproof design, hence reducing the risk of damage and data loss. They were calibrated by Tempcon Ltd and found to be accurate to ±0.4°C, which is within the claimed accuracy by the manufacturer. Table 3.4 below presents a summary of the technical specifications of the Hobo sensors. 
Table 3.4: Technical specifications of Hobo pendant type sensors (Onset, 2015) 
 Parameter Characteristics  Measurement Range -20 °C to 70 °C  Accuracy ±0.53 °C from 0° to 50 °C  Response Time 10 min at 2 m/s airflow  Time Accuracy ±1 min per month at 25 °C  Dimensions 58 x 33 x 23 mm  The temperature measurement range of the sensors (-20 °C to 70 °C) is within reasonable limits for measuring internal air temperature in domestic buildings in UK and the response time of 10 minutes at an airflow of 2 m/s should not have impacted the validity of the results, since the logging was at hourly intervals. One of the limitations of the sensors is that they were not shielded, and therefore they will also have recorded a radiant component of the indoor temperature. However, the reality is that the occupants would have experienced radiative heat to an extent and it is therefore possible that the sensors are recording a temperature that is closer to the one experienced by the occupants. The 4M survey used the 8K sensors that can store up to 6,000 
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readings of a sample rate from 1 second to 18 hours and their battery life varies based on the frequency at which the logger is recording data and also the temperature at which operates. The manufacturer claims that with a new 3-Volt lithium battery and logging intervals greater than a minute, the sensor can record data up to one year, making them ideal for the required monitoring period of the 4M project (Onset, 2015). The sensors are programmed by connecting them to a computer via an optic USB base station and by using the software (Hoboware), as shown in Figure 3.6 below. This way they are able to initiate the measurements at a specific future time and date. The data are also recovered by the same means. 
 
Figure 3.6: Optival interface for data transfer (Onset, 2015) For the 4M survey, the sensors were programmed to start recording indoor air temperature measurement data on the 1st July at 12am. Since the sensors were measuring hourly values they were able to store data only for the following 8 months (approximately 5,760 readings) before their memory was full (6,000 readings). This 8-month monitoring period included 62 days of the summer in 2009 (1st July – 31st August) and the hourly intervals of the recordings fit well in the context of overheating and the definitions of the most recent overheating criteria (CIBSE TM52, BSEN 15251) as outlined in chapter 2. The placement of the sensors was done by the occupants of the dwellings with some guidance given by the interviewers at the time of the interview. This stated that the sensors should be placed away from sources of heat (e.g. fire places, radiators, computers, etc.) and not in direct sunlight. One problem with placing a single sensor in a room is the fact that the temperature in a room varies spatially, with the most common phenomenon being the natural process of thermal stratification where layers of rising air temperature in a room are observed from floor to ceiling.  This problem was investigated by Kane (2013) by conducting an experiment in a test house, built according to the 2002 building regulations, where 27 Hobo sensors were placed in a grid in a single room at one meter apart and measured the internal air temperature at five minute intervals for two consecutive days. It was found that all the sensors measured temperatures within the 
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specified accuracy range by the manufacturer (0.53°C) except the sensors that were placed very close to the ceiling that measured temperatures 1°C higher than those placed lower in the room. Consequently, it was decided that sensors placed 15cm or more away from the ceiling would measure valid temperatures. From the initial 575 homes that took part in the 4M survey, only 481 agreed to take up the indoor air temperature measurement sensors. However, only 469 households were offered sensors by the NatCen interviewers for the living room and main bedroom of the dwellings. From the 938 sensors that were deployed in the 469 homes, only 619 sensors were returned from 321 dwellings, in the prepaid envelopes that were given to the households. This represents a data loss rate of 34%, a figure that is not directly comparable as there have been very few similar sized studies in the UK. The processing and cleaning of the data was done by previous researchers (Kane, 2013, Lomas and Kane, 2013). The data from the 619 sensors that got returned were downloaded one-by-one using the configuration previously illustrated in Figure 3.6 and each file was saved to a separate Excel sheet as raw data. Some of the sensors however malfunctioned during the downloading process and only 596 files from 312 homes were finally retrieved. These were then subject to a detailed visual examination by experienced researchers and a number of files were excluded as part of the data cleaning process due to the following reasons (Lomas and Kane, 2013): 
• Sensors placed incorrectly or not working 
• Sensors that presented identical temperature recordings in living room and main bedroom of a dwelling 
• Sensors recorded temperatures very close to the external temperature 
• Sensors extremely unresponsive to the external temperature  
• Sensors placed in direct sunlight 
• Sensors moved during period of monitoring 
• Sensors placed in possibly heated spaces Therefore, after the detailed and careful selection only 411sensors from 228 homes were found to contain data from free-floating homes (no heating or cooling) for the purposes of this study. From the 411 sensors, 210 are from living rooms and 201 are from bedrooms, hence there are 183 homes where both living room and main bedroom were found to be free-floating, 27 homes with only free-floating living room and 18 homes with only free-floating bedroom. The data collection and final selection process is summarised in Figure 3.7 below.  
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938 sensors in   469 homes (82%) Supplied with sensors 
Retrieved Data 
619 sensors in 321 homes (56%) 
596 sensors in 312 homes (54%) 
516 sensors in 282 homes (49%) 
411 sensors in 228 homes (40%) 
Returned sensors 
Figure 3.7: Number of sensors and homes during different stages of data collection, cleaning process 
and final thesis data, adapted from Lomas and Kane (2013) 
• 183 homes with both living room and main bedroom free-floating 
• 27 homes only living room free-floating 
• 18 homes only bedrooms free-floating 
481 homes (84%) Agreed to take sensors 
575 homes (100%) 4M Survey 
Useful Data 
The 4M homes Free-floating (Not heated or cooled during  
 
 
 
Data Collection 
Data Cleaning 
Thesis Data 
34% Sensor Data Loss 
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These data have already served as a solid basis for research projects focusing on indoor air temperatures in the summer (Lomas and Kane, 2013). The following section will provide a description of the data found in the 411 sensors retrieved from the 228 free-running homes in Leicester during the summer of 2009. 
3.3.2 Data Description The data used in this study comprise of the measured internal air temperatures between the 1st July and 31st August 2009. The initial 4M dataset was recorded for a period of 8 months starting on 1st July 2009, however, as the key area of concern for this study is summertime overheating, it will only make use of the first two months of the data, July and August 2009 during which a 228 dwellings were found to have no heating or cooling in the living rooms and main bedrooms (free-floating). Following the collection and cleaning processes, the data were presented in two different forms. The first one was a file in the statistics software package SPSS (IBM SPSS Statistics 22) with the 228 free-floating homes and seven of the descriptors recorded in the 4M survey and outlined in section 3.2.2. During the survey every home was coded with a unique 6-digit number in order to sustain the confidentiality throughout the 4M project. These codes are also used in this study as it can be seen in the first column of the SPSS file in Figure 3.8 below. 
 
Figure 3.8: SPSS file of 228 homes and the responses of each household to the seven descriptors 
recorded during the 4M survey in Leicester 2009 
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A first exploration of these data was given in section 3.2.3 in tables 3.1 and 3.2 and a further analysis will be presented in Chapter 4. The second form of the data this research will be making use of, is an Excel file with two sheets; one with the hourly internal air temperature measurements from 12am 1st July 2009 till 11pm 31st August 2009 (1,488 measurements) for 210 living rooms and one for 201 bedrooms. Part of this file is illustrated in Figure 3.9. 
 
Figure 3.9: Excel file with hourly internal air temperature measurements from 210 living rooms and 
201 bedrooms in Leicester during summer 2009 The homes are given the same 6-digit codes as in the SPSS file and this way the two files (Excel and SPSS) can be linked for further analysis regarding the impact of the descriptors on the formation of the internal air temperatures in the 411 domestic internal spaces (210 living rooms and 201 bedrooms). Furthermore, as mentioned in section 3.3.1, some homes have not had the temperatures in the living rooms or main bedrooms measured or retrieved successfully while others did not present free-floating temperature profiles; hence some of the columns in the Excel file (Figure 3.9) have got no data. This dataset is one of the largest of its kind and this could potentially allow for some robust inferences to be made with regards to the internal temperature formation in UK dwellings. Nonetheless, the analysis of such large-scale data requires the use of additional data handling tools such as the Visual Basic for Applications (VBA) that was used in producing the results of this thesis. VBA allows the construction of user defined functions in order to automate processes within Microsoft Office applications (Figure 3.10, Figure 3.11). VBA however will be of use in the late sections of chapters 4, 5 and 6 where the methodology will need to be applied throughout this large dataset of 411 domestic internal spaces. 
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Figure 3.10: VBA file with coding for automating functions in Excel 2010 
 
Figure 3.11: Example of coding script in VBA 
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The core of this dataset is the measured internal air temperatures in the 228 free-floating homes. Temperatures were measured from the 1st July 2009 till the 1st March 2010 but the current study will only be using the recorded temperatures till the 31st August 2009 as the amount of free-floating homes decreases considerably during September 2009 and onwards. Figure 3.12 below presents the temperature profile of the living room and main bedroom in a dwelling from the 1st July 2009 till the 31st August 2009 (highlighted) and also throughout the 8 month monitoring period of the 4M project, by the end of February 2010. 
 
Figure 3.12: Internal air temperature measurements of the living room and main bedroom in a 
dwelling for the entire monitoring period (1st July 2009 – 1st March 2010) and the 2-month period 
this study is using (1st July – 31st August 2009) This study will be making use of the data between 1st July and 31st August 2009, (also illustrated in Figure 3.13), a 62-day period during which the measured internal air temperature in all 411 spaces of the sample (228 homes), exhibited no clear signs of heating or mechanical cooling and therefore an assessment of overheating will be plausible. Figure 3.13 illustrates the measured internal air temperatures in the living room and main bedroom of one of the 228 homes of the dataset. Although there are clear differences between the temperatures recorded in the two different spaces, with temperatures in the living room presenting a wider spread for most of the monitoring period, it is clear that the thermal conditions in both spaces are not mechanically assisted. The apparent agreement and downward trend of the measured temperatures in both spaces during the second half of August 2009 could be an indication that there were no occupants in the home during that period.  
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Figure 3.13: Measured internal air temperatures of living room and main bedroom in a dwelling 
between 1st July and 31st August 2009 The measured internal air temperatures presented in the figure above are not indicative of the average conditions recorded throughout the dataset. Section 4.2 will present an extensive analysis of the measured temperatures across the dataset of this study.  Furthermore, Appendix B includes figures with the measured internal air temperatures from the living rooms and main bedrooms of the 411 spaces in all 228 homes of the 4M survey. 
3.4 4M External Weather Data      
3.4.1 Data Collection The external temperature data were collected by the Leicester City Council’s automatic weather station (AWS), which is mounted upon a mast at two metres height in the centre of the city. An AWS typically consists of data sensors measuring a number of parameters such as temperature, humidity, wind speed, wind direction and atmospheric pressure, in weather proof enclosures, mounted at certain heights according to specific needs. A two metre mast is generally used for measuring parameters that affect humans. Figure 3.14 illustrates typical configurations of AWSs mounted on a mast. 
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Figure 3.14: Typical configurations of AWS mounted on a mast  The location of the AWS is at the centre of Leicester (centre of map in Figure 3.2) and therefore it was considered the best approximation of the external weather conditions of all dwellings in the dataset. Together with the data collected by Leicester City Council’s AWS, more detail hourly temperature and global solar irradiation data were obtained from De Montfort University, also located in the centre of Leicester. These are described in the following section.        
3.4.2 Data Description  The external weather data used in this thesis were measured hourly in the centre of the city of Leicester between 1st July 2009 and 31st August 2009. Figure 3.15 presents the hourly measured external air temperature together with the daily mean external air temperature and the global solar irradiation data during July and August 2009.  
 
Figure 3.15: External air temperature, global solar irradiation and external daily mean air 
temperature measured between 1st July 2009 and 31st August 2009 
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The external temperature during the monitoring period ranged from a daily maximum of 29.7°C (1st July) to a daily minimum of 7.9°C (31st July). It is clear from Figure 3.15 that the start of the monitoring period was hot with the temperatures however dropping considerably after the first two days a daily maximum of 22.1°C. Overall the daily maximum external temperature during July exceeded Leicester’s average maximum temperature over the 30-year period between 1981-2010 (22.2°C), during only the first five days, while during August, the average maximum external temperature for the same 30-year period (21.6°C) was exceeded overall for 11 days. The average measured external temperatures were 16.3°C in July and 16.7°C in August, and when compared to Leicester’s ten-year averages of 17.2°C and 17.18°C respectively, it becomes clear that the monitored period was cooler than the average conditions for the months of July and August. 
3.5 Time Series Analysis 
Time series analysis has been successfully used in fields such as economics, geophysics, control engineering and meteorology to describe, explain, predict and control processes (Chatfield, 1996). Time series data are not simply data collected over time; there has to exist some form of ordering, often verified by the level of autocorrelation. A definition is given by Bloomfield (1976) “a 
collection of numerical observations arranged in natural order with each observation associated 
with a particular instant of time or interval of the time which provides the ordering, would qualify as 
time series data”. The aim of this analysis is to grasp a better understanding of the mechanisms behind the formation of the data series and also attempt to construct a mathematical model that would describe its behaviour in a concise way and could also allow the prediction of future values of the series. The time series methods used for analysing the data of this study fall in two categories; the descriptive methods and the more sophisticated inferential techniques. The general objectives of both however, as outlined by Kendal and Ord (1990) and Chatfield (Chatfield, 1996), follow the same principles: 
• Description 
• Explanation 
• Prediction 
• Control The first step in analysing time series data is to describe the data by plotting and obtaining simple descriptive measures of the main properties of the series, also checking for trends and seasonal variations as well as for outliers and turning points. In some cases, the variation in the series might be dominated by features that are easy to identify and therefore simple models may be adequate in describing the behaviour of the series. The second step is to explain the variation of 
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the series in terms of other variables (if more than one variable has been measured, make use of the variation in one in order to explain the variation in another). Thirdly, one may want to predict the behaviour of the series in the future based either on a simple model and the fact that there is sufficient momentum in the system to ensure that future behaviour will be matching the past, or on the underlying causation of the variation due to an independent variable. Lastly it may be of importance to control the future values of a series either by generating warning signals of an upcoming risk based on the predictions or by adjusting the input variables to examine the impact of several future scenarios and events.  Box and Jenkins presented a more detailed outline of the steps in a time series analysis method. According to that, the first step in time series analysis is to do some initial analysis of the data, then to perform adjustments in order to identify the individual components of the series and subsequently estimate the components by developing appropriate models. Following the modelling of the individual components, it is imperative that the goodness of fit of the models is checked (this is sometimes done by investigating the residuals) and finally proceed with the validation of the complete model and the forecasts of future values of the series. Figure 3.16 summarises the objectives of the time series analysis methodology according to Box and Jenkins (1970). 
 
Figure 3.16: Objectives of time series analysis descriptive method, as given by Box and Jenkins (Box and Jenkins, 1970) This study will use the principle of the objectives as given by Box and Jenkins (Box and Jenkins, 1970) in combination with the descriptive time series analysis method in determining the best empirical model for predicting future internal air temperatures in the 228 4M homes. 
•Calculate measures of dispersionInitial Data Analysis
•Identify Trend and other sources of periodic variationComponent Identification
•Estimation of all individual componentsComponent Estimation
•Decide on additive or multiplicative formModel Selection
•Check for irregularity in residualsResiduals Inspection
•Validate model against other dataValidation
•Generate predictionsForecasts
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3.5.1 Descriptive Time Series Analysis The general objectives of both descriptive and inferential methods might be the same, nonetheless there are distinct differences in the way these methods approach the data. The principle aim of a time series analysis descriptive method is to decompose the variation in the series into one or more of the following components (Fleming and Nellis, 1994): 
• Trend (T) 
• Seasonal variation (S) 
• Cyclical variation (C) 
• Random variation (Residuals) (R) Once the components have been identified, the decomposition can be achieved by following two different approaches, the selection of which depends on the assumptions made regarding the relationship between these four components. If the components and related in an additive way, then it’s the additive model that should be considered. If they are related in a multiplicative way, then it’s the multiplicative model that should be applied. Both models are defined below (with the observed value at time t denoted as Yt) (Fleming and Nellis, 1994): 
Additive model: Yt = Tt + St + Ct + Rt  
Multiplicative model: Yt = Tt × St × Ct × Rt Where: 
Yt : temperature at time t 
Tt : trend at time t 
St : seasonal variation at time t 
Ct : cyclical variation at time t 
Rt : random variation (residual) at time t This study applied the additive model as the individual components were identified by subtraction from the measured series. An example of an additive model containing the components of trend, cyclical variation and the resulting residuals is given in Figure 3.17 below. 
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Figure 3.17: Example of time series decomposition (after Coghlan, 2015) It is essential therefore to first of all define the individual components (trend, seasonal variation, cyclical variation and random variation) within the context of the time series under consideration, (hourly measured internal air temperatures) before proceeding to the decomposition of the series and later the connection of the modelled components for the development of the complete final model. 
3.5.2 Defining the components of the Descriptive Time Series Additive Model The definition of the components of a Time Series model is based on the data under study. In this work the components Trend, Seasonal variation and Cyclical variation are defined in relation to internal air temperatures in homes. 
Trend (T) According to Chatfield (Chatfield, 1996), trend can be defined as “a long term change in the mean 
level” of a series. Kendal & Ord (Kendall and Ord, 1990) on the other hand explain that the trend represents the “smooth relatively slowly changing, features of the time series over a considerable 
period of time”, pointing out that it is a rather relative term and give the example of the differences in perceiving a climate trend between a geologist and a drainage engineer. Fleming & Nellis (1994) describe trend as “a steady tendency to increase or decrease over a long period of time” that reflects the growth or the decline of a variable in the long term, recognising however that the degree of irregularity can vary greatly and also that there can be reversals of the downward or upward movement of the trend from time to time. Anderson (1971) explains trend as a slow gradual movement of a variable in time. Overall it is clear that the term trend refers to a smooth pattern in the long term change of a variable.  
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For the purposes of this work the definition of trend will be taken as the one expressed by Kendal & Ord (Kendall and Ord, 1990) and the relative meaning of the phrase “a considerable period of 
time” defined as the length of the dataset, i.e. 62 days. Therefore, the long term trend will be considered as a form of the data that can represent the changes in the series from day to day over the 62-day monitoring period and that is the daily variation (the variation from day to day). As the homes are free floating however, this smooth, relatively slow change in the features of the internal air temperatures could be partly attributed to the changes of the external air temperature as well as other modifiers, such as thermal mass and effects of heat gains, storage and losses. The estimation of the trend therefore will be based on the relationship between the trends of internal and external air temperatures. 
Seasonal variation (S) As Kendal & Ord (Kendall and Ord, 1990) describe, the definition of seasonality is by no means simple. He further notes that seasonal effects have a degree of regularity but without defining a time period. Indeed, many text books argue over the time period of the regularity that defines a seasonal effect on a data series. O’Donovan (1983) defines a seasonal pattern as “a periodic 
regular pattern with a constant period such as a day, a week, a month or a year”. Chatfield (Chatfield, 1996) recommends that seasonal is a variation which is annual in period. Fleming & Nellis (Fleming and Nellis, 1994) support the argument that a seasonal variation follows “a 
complete cycle through the year, with broadly the same pattern repeating itself year after year”. It is clear that the concept of seasonality is not as simple to define compared to that of trend.  For the purposes of this work the definition of seasonal variation will be based on Chatfield (Chatfield, 1996) and since the extent of the data set is less than annual, it will not be considered during the decomposition of the series. 
Cyclical variation (C) Similarly to the seasonal variation, there is a debate in literature on what constitutes a cyclical variation. Kendal & Ord (Kendall and Ord, 1990) define seasonal variation as “cyclical itself” and gives an example of a cyclical fluctuation as the diurnal variations in temperature. Chatfield (Chatfield, 1996) seems to agree with that example and further notes that “a cyclical change is one 
that exhibits variations at a fixed period due to some other physical cause”. However, both Fleming & Nellis (Kendall and Ord, 1990) and O’Donovan (O’Donovan, 1983) argue that a cyclical variation occurs in periods greater that one year.  For the purposes of this work the definition of cyclical variation will be based on the suggestions by Kendal & Ord (Kendall and Ord, 1990) and Chatfield (Chatfield, 1996) that the diurnal 
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fluctuations of internal temperatures do exhibit a cyclical pattern and can also be considered as 
the diurnal variation (the variation within a 24-hour period). Consequently, in this work the fitted values of the model will be the trend (T) and the cyclical variation (C): 
Fitted value = Trend (T) + Cyclical variation (C) 
Random variation (residual) (R) The residual is a measure of the goodness of fit of the model to the data and it is defined by deducting the fitted value from the observed data (see below):  
Residual = Observed value – Fitted value The following table summarises the definitions of the individual components of a time series model of the internal air temperatures in homes. 
Table 3.5: Descriptive time series model component definitions in this study 
Component Definition Trend Represent the changes in the series from day to day over the (62-day) monitoring period which encompasses the daily variation Seasonal variation A variation over the annual period – not considered here Cyclical variation The diurnal fluctuations of internal temperatures (the variation within a 24-hour period) Residual The remaining (unexplained) variation in the data  To check whether the decomposition of the data has been successful in removing the trend and all periodic variation in the observed data, the mean and the variance of the residual series (Rt) should be zero. Having identified the potential components of the measured data as a Trend, a Cyclical variation and the remaining Random variation, the next step is to perform suitable transformations of the data in order to estimate them individually.  
3.5.3 Estimating the components of the Descriptive Time Series Additive Model 
Trend (T) In order to isolate the trend of the internal air temperature, all the diurnal fluctuations need to be removed so that the long-term changes in the series are identified. According to Chatfield (Chatfield, 1996) this can be achieved by applying a smoothing method that can remove the daily swing (diurnal) variation of the series. Such method can be the daily mean of the hourly measured internal air temperature. For a series  𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡 , 𝑡𝑡 = {1, … ,𝑁𝑁, … ,𝑛𝑛} , the daily mean  ?̅?𝜃𝑖𝑖𝑖𝑖𝑡𝑡 is of the following form: 
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?̅?𝜃𝑖𝑖𝑖𝑖𝑡𝑡  = �𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡=12𝑒𝑒𝑒𝑒 + 𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡=1𝑒𝑒𝑒𝑒 + 𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡=2𝑒𝑒𝑒𝑒 + 𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡=3𝑒𝑒𝑒𝑒 + ⋯+ 𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡=11𝑜𝑜𝑒𝑒�24          [3.1] Where 𝜃𝜃𝑖𝑖𝑖𝑖𝑡𝑡 is the hourly measured internal air temperature at time t, in °C and ?̅?𝜃𝑖𝑖𝑖𝑖𝑡𝑡 is the daily mean internal air temperature at time t, in °C. In estimating the component of the trend variation in an internal air temperature time series it is important to consider that the homes in the dataset were free floating and therefore the changes in the measured temperatures in the living rooms and main bedrooms are expected to be driven by the changes in the external air temperature, thus the trend of the internal air temperature (Tin,d) should be a function of the general trend of the external air temperature (Tex,d): 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 =  𝑓𝑓�𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑�                                    [3.2] Where Tin,d is the measured trend of the internal air temperature at day d, in °C and 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  is the measured trend of the external air temperature at day d, in °C.  According to the BSEN 15251 and CIBSE Guide A, the desired comfort internal hourly temperature is a function of the exponentially weighted running mean (or exponentially weighted running average or exponentially weighted moving average) of the external hourly temperature. In addition, as analysed in section 2.4.3, studies have suggested that the indoor air temperature in a dwelling might be a function of past and present values of the outdoor temperature (Wright, Natarajan and Young, 2005, Krüger and Givoni, 2008, Sakka et al., 2012, Lomas and Porritt, 2017). It is therefore suggested to explore a method that can remove the local fluctuations that constitute the high frequency variation (Chatfield, 1996), or else the diurnal variation, in the external air temperature series by using the exponentially weighted moving average (EWMA), given below as 
𝑋𝑋𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑑𝑑  for a series  𝑋𝑋𝑑𝑑  , 𝑑𝑑 = {1, … ,𝑛𝑛} for m (days):  
𝑋𝑋𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑑𝑑 = (1 − 𝛼𝛼) �𝛼𝛼𝑖𝑖𝑋𝑋𝑑𝑑−𝑖𝑖𝑒𝑒
𝑖𝑖=0
                   [3.3] 
Where 𝑋𝑋𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑑𝑑  is the exponentially weighted moving average, for a series  𝑋𝑋𝑑𝑑 , at day d, in °C, and  
𝛼𝛼 is a constant between 0 and 1.  This is a model that applies different weighting factors to past days and is recommended as the internal air temperature is influenced by recent values of the external temperature more strongly than by past values, due to reasons such as the thermal mass of a building, and therefore a weighting schedule would have to be adopted. The EWMA ( 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 ) of the daily mean of the external air temperature ( ?̅?𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 ) is calculated by the following equation: 
𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 = (1 − 𝛼𝛼) × �𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 + 𝛼𝛼 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 + 𝛼𝛼2 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−2 + 𝛼𝛼3 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−3 + ⋯+ 𝛼𝛼𝑒𝑒 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒�            [3.4] 
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Where: 
𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 : Exponentially weighted moving average of the daily mean of the external air temperature, in °C 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 : Daily mean external air temperature for current day, in °C 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 : Daily mean external air temperature for the previous day, in °C 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−2 : Daily mean external air temperature for the day before and so on, in °C 
m : The number of past days the model is taking into account 
𝛼𝛼 : A constant between 0 and 1, responsible for the weighting factor of each day 
It also has to be noted that due to the exponential nature of this model, the more past terms it includes the closer 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 comes to the actual values of  𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 . After expanding [3.3], the parameter of every day [(1− α) × αm ] represents the weighting factor of each day, which depending on the value of α applies different weights on the past days. Figure 3.18 demonstrates the operation of the weighting factor [(1− 𝛼𝛼) × 𝛼𝛼𝑒𝑒 ] for an m value of up to 15 days. The value of 15 days used in the model, is suggested as it is unlikely that the external conditions of more than 15 days past will have any effect on the internal air temperatures in a dwelling and therefore any contribution of the outdoor conditions beyond that would be insignificant. 
 
Figure 3.18: Demonstration of weighting factor operation 
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Figure 3.18 shows that the recent days will always be more influential than the past in the EWMA equation, regardless of the choice of the 𝛼𝛼 value. However depending on the value of  𝛼𝛼 , the relative importance of past days can change. The higher the value of  𝛼𝛼, the greater the influence of past days on today’s EWMA value. In the context of the built environment, the value of 𝛼𝛼 could be an indication of the thermal mass of a building, as the internal conditions will react slower in the changes of the external conditions if there is a large amount of thermal mass and quicker if there is smaller. It could also be an indication of the occupants’ behaviour, for example the interaction between the occupants and the windows could decrease the effect of the thermal mass. Overall, the θewma,ex,d is a model of the external air temperature that represents the smooth and relatively slow change of the properties of the external air temperature and therefore it can be considered a form of trend of the external air temperature, Tex,d . Therefore, for this study the external air temperature trend is given by the following formula: 
𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 = 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑                                  [3.4] Having identified and estimated the trend components of both the internal and external air temperatures, the final step is expressing the internal air temperature trend (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 ) in terms of the external air temperatures trend (𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑). This is achieved by using simple linear regression in order to predict  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑   based on  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . In this case the measured  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 is the explanatory variable and the modelled  𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑  is the dependent variable and the equation is of the following form:  
𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑 = 𝑖𝑖 + 𝑔𝑔 × 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑         [3.5] Where 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑  is the modelled internal air temperature trend at day d in °C and  𝑖𝑖 and 𝑔𝑔 are the intercept and the gradient of the line of best fit for the linear regression between the measured  
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . The best fit line is achieved when the values of  𝛼𝛼 and  𝑚𝑚 in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 equation are optimised for the highest possible coefficient of determination (R2) for the linear regression between the internal air temperature trend (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 ) and the external air temperatures trend (𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑). This optimisation process is performed using the software plugin Solver in Excel and selecting the correct formulas in the corresponding cells. Once all the formulas are correct, the Solver calculates the optimal values of 𝛼𝛼 and  𝑚𝑚 that give the maximum value of R2. The length of the time period for which the R2 is calculated, based on past measured internal air temperatures and external air temperatures, depends on the objectives of the modelling application. This is further explained in Section 3.5.4.  
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Cyclical variation (C) The component of the cyclical variation is identified by removing the trend component from the measured data. This is calculated as the difference between the hourly measured internal air temperature and the daily mean of the internal air temperature. However, as the scale of the hourly data is different from the daily mean, a transformation of the daily mean to a structured hourly series is essential. This is achieved by applying the daily mean as a single value, the same for all hours throughout the 24-hour day. The cyclical component (𝐶𝐶𝑡𝑡) is then calculated by removing this hourly applied daily mean series from the hourly values of the measured data. An example is given in Table 3.6 below. 
Table 3.6: Transformation of a daily mean value to an hourly structured series and the resulting 
cyclical component concept. 
Time in a day 
(hours) 
Hourly measured 
temperature (°C) 
Daily mean 
temperature (°C) 
Cyclical Component  
(°C) 1 X1  𝐶𝐶𝑡𝑡=1 = X1 - 𝑋𝑋24����� 2 X2 𝑋𝑋24����� 𝐶𝐶𝑡𝑡=2 = X2 - 𝑋𝑋24����� .. ..  .. 24 X24  𝐶𝐶𝑡𝑡=24 = X24 - 𝑋𝑋24�����  Since all the rooms in the dataset are free-floating, it is expected that the changes in the cyclical component of the internal air temperature are mainly driven by the changes in the cyclical components of the external temperature and the global solar irradiation. Therefore, the cyclical component of the internal air temperature is a function of the cyclical components of the external temperature and the global solar irradiation: 
𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑓𝑓�𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡  ,𝐶𝐶𝑠𝑠,𝑡𝑡�              [3.6] Where 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 is the cyclical component of the internal air temperature at time t, in °C, 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡 is the cyclical component of the external air temperature at time t, in °C and 𝐶𝐶𝑠𝑠,𝑡𝑡 is the cyclical component of the global solar irradiation at time t, in W/m2.  The development of a model that is able to predict the cyclical component of the internal air temperature (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) should therefore be based on the cyclical components of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡) and the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡). The process presented in Table 3.6 is applied to derive both the cyclical component of the internal air temperature (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and the cyclical component of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡). The cyclical component of the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡) is simply taken as the hourly measured data.  
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The cyclical component of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡) is presented in the equation below: 
𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡 = 𝜃𝜃𝑒𝑒𝑒𝑒,𝑡𝑡 − ?̅?𝜃𝑒𝑒𝑒𝑒,𝑑𝑑                        [3.7] Where: 
𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡 : Measured cyclical component of the external temperature at time t, in °C 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑡𝑡 : Measured external air temperature at time t, in °C 
?̅?𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 : Measured daily mean external air temperature at day d, in °C  The cyclical component of the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡) is presented in the equation below: 
𝐶𝐶𝑠𝑠,𝑡𝑡 = 𝑆𝑆𝑡𝑡                       [3.8] 
𝐶𝐶𝑠𝑠,𝑡𝑡 : Measured cyclical component of the global solar irradiation at time t, in W/m2 
𝑆𝑆𝑡𝑡 : Measured global solar irradiation at time t, in W/m2  Due to the thermal mass of the dwelling, the orientation of the room or possible effects of buoyancy driven heat from lower floors, the impact of the cyclical components of the external air temperature and the global solar irradiation, on the cyclical component of the internal air temperature are likely to have some form of delay, therefore two coefficients are introduced in order to take account for that.  Phase 𝜑𝜑𝑒𝑒 allows capturing the delay in the impact of the external air temperature on the cyclical component of the internal air temperature, while phase 𝜑𝜑𝑠𝑠 allows capturing the delay in the impact of the global solar irradiation have on the cyclical component of the internal air temperature The model developed to calculate the modelled cyclical component of the internal air temperature (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) is therefore based on the cyclical components of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡) and the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡) and is given below:  
𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝐴𝐴 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 + 𝐵𝐵 × 𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 − 𝛾𝛾          [3.9] Where: 
𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 : Modelled cyclical component of the internal temperature at time t, in °C 
𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 : Measured cyclical component of the external air temperature at time t, in °C 
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𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 : Measured cyclical component of the global solar irradiation at time t, in W/m2 
𝐴𝐴 : Amplitude of the cyclical component of the external air temperature 
𝐵𝐵 : Amplitude of the cyclical component of the global solar irradiation 
𝜑𝜑𝑒𝑒 : Phase of the cyclical component of the external air temperature, in hours 
𝜑𝜑𝑠𝑠 : Phase of the cyclical component of the global solar irradiation, in hours 
𝛾𝛾 : Constant   Equation [3.9] comprises of five coefficients that are responsible for capturing the behaviour of the cyclical component of the internal temperature in relation to the cyclical components of the external air temperature and the global solar irradiation. Coefficients A and B are responsible for capturing the extent of the effect of the external air temperature and global solar irradiation respectively, on the cyclical component of the internal air temperature, in terms of the magnitude of values of the model, as a result of factors such as the thermal mass of the dwelling, the orientation of the room, the use of blinds or other factors including the occupants’ actions. The phases φe and φs are responsible for capturing the delay of the effect the external air temperature and the global solar irradiation have on the cyclical component of the internal air temperature as a result of the thermal mass of the dwelling, the orientation of the room or possible effects of buoyancy driven heat from lower floors. The calculation of the five coefficients is based on an optimisation process that is performed for the lowest root mean square error (RMSE) between the measured cyclical component of the internal air temperature and the calculated one for a certain period. The length of this time period depends on the objectives of the modelling application. This is further explained in the following section. 
3.5.4 Developing the final Descriptive Time Series Additive Model The final model is derived by using the descriptive time series additive model, is named the Internal Trend and Cyclical Component (ITCC) model as it is characterised by the novel definition and modelling of the trend and cyclical components of the internal air temperature. The Internal Trend and Cyclical Component (ITCC) model is the result of joining the two individual models of the trend and the cyclical component together. Therefore, the modelled internal air temperature at time t (θ′in,t) is given by: 
𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑡𝑡 + 𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡            [3.10] 
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By substituting equations [3.5] and [3.9] in [3.10], the final model equation is given by: 
𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑖𝑖 + 𝑔𝑔 × �(1 − 𝛼𝛼) × �𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 + 𝛼𝛼 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 + ⋯+ 𝛼𝛼𝑒𝑒 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒��  + 𝐴𝐴 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 + 𝐵𝐵 × 𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 − 𝛾𝛾 Where: 
𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 hourly modelled internal air temperature at time t, in °C 
𝑖𝑖 intercept of the best fit line for the correlation between the mean daily temperature of the internal air temperature and the exponentially weighted moving average of the daily mean of the external air temperature 
𝑔𝑔 gradient of the best fit line for the correlation between the mean daily temperature of the internal air temperature and the exponentially weighted moving average of the daily mean of the external air temperature 
𝛼𝛼 constant between 0.00 and 1.00 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 daily mean of the external air temperature of current day at day d, in °C 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 daily mean of the external air temperature of 1 past day, in °C 
𝑚𝑚 amount of past days used in the formula for the exponentially weighted moving average of the daily mean of the external air temperature 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒 daily mean of the external air temperature of m past days, in °C 
𝐴𝐴 numerical coefficient of the cyclical component of the external air temperature 
𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 cyclical component of the external air temperature, in °C 
𝜑𝜑𝑒𝑒 phase of the cyclical component of the external air temperature 
𝐵𝐵 numerical coefficient of the cyclical component of the global solar irradiation 
𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 cyclical component of the global solar irradiation 
𝜑𝜑𝑠𝑠 phase of the cyclical component of the global solar irradiation 
𝛾𝛾 Constant 
The ITCC model will initially be developed and tested using the measured data from all the days in the dataset (62-days). The results for the calculated model parameters of the individual components (Trend and Cyclical variation) will be analysed and commented upon, in Chapters 4 and 5. 
3.5.5 Validating the Descriptive Time Series Additive Model The ITCC model will be validated firstly by using one half of the measured data (1st – 31st July) to compute all the parameters of the model and the other half (1st – 31st August) to compare the predictions against the measured values. This method will also allow testing the ability of the model to predict internal air temperatures one month ahead, using a month’s worth of measured 
[3.11] 
Chapter 3. Methodology  
 77 
data. A more detailed approach will be utilised to test if the model’s ability to predict one month ahead (and also one week and two weeks ahead) is maintained when reducing the training period from one month to two weeks and then one week. 
3.6 Summary 
This chapter presented the 4M household survey and further described the methods used in collecting and analysing the data that were used in this study. The main dataset comprises of the hourly measured internal air temperatures from the living rooms (N=210) and main bedrooms (N=201) of 228 homes in the city of Leicester, UK, recorded between 1st July and 31st August 2009. The external air temperature and global solar irradiation where also measured hourly during that period. Some qualitative information regarding the dwellings and the households is available, such as the dwelling type and age, the wall type, the number of occupants and the age of the oldest occupant. The methodology that will be used in developing an empirical model able to predict the summertime risk of overheating in dwellings is the descriptive time series analysis and modelling. This is applied on the internal room temperature data and therefore the main components Trend and Cyclical are given definitions according to this context. These two components will be analysed and modelled in the following Chapters 4 and 5.          
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Chapter 4. Results 1 – Trend Analysis and 
Modelling 
4.1 Introduction  
The aim of this chapter is to analyse the general trend of the internal and external air temperature and develop a statistical/mathematical model that is able to predict the trend of the internal air temperature based on past values of the external air temperature. A series of statistical models are developed based on the measured internal air room temperatures in the living rooms and bedrooms of 228 homes, and the measured external air temperature, recorded between 1st July and 31st August 2009 in Leicester, UK.  The methodology presented in chapter 3 has been applied throughout the dataset and the findings are presented in the following sections.  Section 4.2 presents the analysis of the external air temperature trend as measured during the 62-day monitoring period. This is given by the exponentially weighted moving average (EWMA) of the daily mean of the external air temperature and is analysed with respect to coefficients 𝛼𝛼 & 𝑚𝑚 (the weight factor of each day and the amount of past days included in the EWMA equation).  Sections 4.3 and 4.4 present the analysis of the measured trend of the internal air temperature in one living room in a semi-detached, pre 1900 dwelling with solid walls as this was a living room with characteristics often found in the dataset, and in all 411 living rooms and bedrooms of the dataset respectively. This is the daily mean of the internal air temperature and is given both in graphical form and statistically in terms of measures of dispersion. Sections 4.5 and 4.6 present the modelling of the trend of the internal air temperature for a living room and a bedroom, in a semi-detached, pre 1900 dwelling with solid walls, respectively as a dwelling with such characteristics was often found in the dataset . The model is able to predict the trend of the internal air temperature based on the trend of the external air temperature, using simple linear regression. For each space the EWMA is optimised (the optimum values of 𝛼𝛼 & 𝑚𝑚 are calculated) so that it produces the best correlation (in terms of R2) against the daily mean of the internal air temperature. The equation of the best fit line for the linear regression between the 
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optimum EWMA and the measured daily mean internal air temperature gives the model which allows the prediction of the trend of the internal air temperature. The model is characterised by the parameters of the intercept and the slope which have a unique value for every individual space. Finally, this section presents the testing of the modelled trend against the measured data and it also provides and analysis of the residuals of the model. Section 4.7 explores the modelled trend of the internal air temperatures in all 411 living rooms and bedrooms. It provides summary statistics for the optimum values of  𝛼𝛼,  𝑚𝑚, intercept and slope  as well as their distribution across the dataset. It also explores the relationship of these four variables and the dwellings’ characteristics dwelling type, dwelling age and wall type. Furthermore, the section presents summary statistics and the distribution of the residuals of the modelled trends for all 411 spaces and it identifies the outliers of the model, living rooms and bedrooms that present a weak correlation between the measured daily mean of the internal temperature and the exponentially weighted moving average of the daily mean of the external air temperature (R2<0.7). Finally, Section 4.8 presents a summary of this chapter.               
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4.2 External air temperature Trend Analysis 
This section explores the general trend of the external air temperature over the 62-day monitoring period. Since all the living rooms and bedrooms of the dataset are free-floating, the trend of the external air temperature will be the main driver of the general trend internal air temperature; hence it is investigated prior to anything else. The exponential weighted moving average was used to eliminate the high frequency daily variation of the temperature and isolate the trend component. In Section 3.5, the trend of the external air temperature is given by the exponential weighted moving average of the external daily mean air temperature (𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑), which is of the following form (a more detailed description is given in Section 3.5.4): 
𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 = (1 − 𝛼𝛼) × �𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 + 𝛼𝛼 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 + 𝛼𝛼2 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−2 + 𝛼𝛼3 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−3 + ⋯+ 𝛼𝛼𝑒𝑒 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒�            [4.1] The above equation includes parameter 𝛼𝛼 according to which different weighting factors apply to  
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒 and parameter  𝑚𝑚 which gives the amount of past days included in the model. Figure 4.1 shows the effect that 𝛼𝛼 and 𝑚𝑚 have on  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 , using 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒 for  𝑚𝑚 = 15 for all possible values of  𝛼𝛼 = {0 − 0.9}.  
 
Figure 4.1: Exponentially weighted moving average of the external daily mean air temperature 
(𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 ), using the past 15 days (𝒆𝒆 = 𝟏𝟏𝟏𝟏) for a range of values of alpha (𝜶𝜶 = 𝟎𝟎 𝒕𝒕𝒕𝒕 𝟎𝟎.𝟗𝟗) Figure 4.1 shows the differences in 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 when using different values of  𝛼𝛼 . From equation [4.1], it is clear that when 𝛼𝛼 = 0, then  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 = 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 and as the value of  𝛼𝛼 increases, the 
12
13
14
15
16
17
18
19
20
21
22
23
24
01/07/2009 01/08/2009 01/09/2009
EW
M
A 
of
 E
xt
er
na
l A
ir 
Te
m
pe
ra
tu
re
 (°
C)
Date
External Daily Mean (α=0) α=0.1 α=0.2
α=0.3 α=0.4 α=0.5
α=0.6 α=0.7 α=0.8
α=0.9
α = 0.9
α = 0.8
α = 0
Chapter 4. Results 1 – Trend Analysis and Modelling  
 81 
effect of the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑   in reducing the variation in the mean temperature increases as well. It can also be observed that as the value of 𝛼𝛼 decreases the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  presents a form of delay compared to that for higher values of  𝛼𝛼. In buildings, the correlation of the internal air temperature with 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 using a high value of  𝛼𝛼 (𝛼𝛼 = 0.9) could indicate that the dwelling under study has higher thermal mass and therefore it responds to the external conditions at a slower rate (similar to the smoothed line for 𝛼𝛼 = 0.9 in Figure 4.1) than a lightweight building where the internal air temperature conditions correlate better with a 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  using lower value of 𝛼𝛼 (𝛼𝛼 = 0.1 in Figure 4.1). It could also indicate that the behaviour of the occupants is such that the internal air temperature is kept relatively constant regardless of the external conditions (i.e. keeping the blinds closed and the windows shut). It is important to note that when  𝛼𝛼 = 0.9, the exponential nature of equation [4.1], means that it requires more days than 15 to produce a meaningful value (one that is close to 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑), therefore the use of this value should be limited. The relationship of the values of 𝛼𝛼 that give the best correlation between the internal and external air temperature for each space, and the dwelling characteristics of the dataset of this study will be explored at a later section in this chapter.  
 
Figure 4.2: Exponentially weighted moving average of the external daily mean air temperature 
(𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 ), using 𝜶𝜶 = 𝟎𝟎.𝟕𝟕 for a range of values of  𝒆𝒆 between 1 and 15. Figure 4.2 shows the effect of  𝑚𝑚  on  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 , by keeping the value of 𝛼𝛼 constant and varying the values of  𝑚𝑚 included in the model. It is clear as 𝑚𝑚 increases, the value of  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑   gets 
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closer to a mean value of  𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑. It is also evident that the higher the value of 𝑚𝑚 the more effective the  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  is in reducing the variation in the mean temperature. However, the effect of increasing  𝑚𝑚  after 𝑚𝑚 > 7 is much less pronounced. It is reasonable to suggest that the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  with a relatively high value of 𝑚𝑚 (𝑚𝑚 > 3, see Figure 4.2) would correlate better with the internal air temperature of a dwelling with higher thermal mass, as it would not respond to the external weather conditions immediately, and therefore the internal air temperature would be the result of the external weather conditions over more than one past days, in many cases over three, four or even five days. Hence the internal air temperature in such a dwelling would present higher correlation with a form of the external air temperature that would take more days into consideration, such as the  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑   with a value of 𝑚𝑚 relatively higher than 1. In the opposite case the internal air temperature in a dwelling with lower thermal mass, would have a faster response to the external weather conditions and therefore should correlate with a 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 using a relatively small value of  𝑚𝑚. The relationship of the values of 𝑚𝑚 that give the best correlation between the internal and external air temperature for each space, and the dwelling characteristics of the dataset of this study will be explored at a later section in this chapter. Overall, the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  is a model of the external air temperature that represents the smooth and relatively slow change of the properties of the external air temperature and therefore it can be considered a form of trend of the external air temperature, 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . Therefore for this study: 
𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 = 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑                   [4.2] 
4.3 Internal air temperature Trend Analysis –An example of one living 
room 
Having identified the general trend of the external air temperature, the next step is to explore the trend of the internal air temperature and develop a model that expresses the internal trend as a function of the external. The trend of the internal air temperature is given in the form of the daily mean of the hourly measured internal air temperature. As indicated in the methodology section 3.5.3, for an hourly measured series  𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡  , at time 𝑡𝑡 = {1, … ,𝑁𝑁, … ,𝑛𝑛} in °C, the daily mean  ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑   at day d in °C, is of the following form: 
?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑  = �𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡=12𝑒𝑒𝑒𝑒 + 𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡=1𝑒𝑒𝑒𝑒 + 𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡=2𝑒𝑒𝑒𝑒 + 𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡=3𝑒𝑒𝑒𝑒 + ⋯+ 𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡=11𝑜𝑜𝑒𝑒�24          [4.3] Figure 4.3 shows the hourly measured values of the internal temperature 𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡  in a living room in a single home in the 228 sample, and the calculated daily mean  ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑 . 
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Figure 4.3: Hourly measured internal air temperature ( 𝜽𝜽𝒊𝒊𝒊𝒊,𝒕𝒕 ) and daily mean ( 𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 ) of one living 
room  The daily mean ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑 represents the general trend (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑) of the internal air temperature, filtering out the daily swing of the internal air temperature around that daily mean. The daily mean was found to best correlate with the exponentially weighted moving average of the daily mean of the external air temperature and consequently it was the one applied throughout the dataset. Therefore, the internal air temperature trend at day d (in °C), is given by the following formula: 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 = ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑              [4.4] 
4.4 Internal air temperature Trend Analysis – All living rooms and 
bedrooms 
The measured trend of the internal air temperature is given by the daily mean internal air temperature (?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑). A summary of the statistics of all internal air temperature measured trends in given in the table below. 
Table 4.1: Summary statistics for all internal air temperature measured trends ( 𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 ) for all living 
(N=210) rooms and bedrooms (N=201)  Mean (°C) Max (°C) Min (°C) St Dev (°C) Max-Min (°C) 95% CI 
(°C)  Mean Max Min Mean Max Mean Min Mean Max Min Mean Max Min Living (N=210) 22.2 25.2 19.1 26.7 29.7 20.1 16.2 1.3 2.0 0.9 6.6 10.1 3.9 0.2 Bedroom (N=201) 22.4 25.1 18.8 27.7 31.4 19.9 16.3 1.6 2.2 0.8 7.8 12.1 3.7 0.2  
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Table 4.1 presents the mean and absolute values of the measured internal air temperature trend for both living rooms and bedrooms. Generally, the bedrooms present a marginally wider range of daily mean internal air temperatures and also a slightly elevated overall mean in comparison to the living rooms. What is interesting is that the differences within the daily mean internal air temperature of a space (the difference between the absolute maximum and minimum throughout the 62-day monitoring period) ranges from 3.7ºC to 12.1ºC, meaning that the internal air temperature in some spaces can fluctuate substantially more than others. 
 
Figure 4.4: Measured daily mean internal air temperature (𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅) of all 210 living rooms (top) 201 
bedrooms (bottom) 
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Figure 4.4 shows the diversity of the internal air temperatures in both living rooms and bedrooms respectively. It can be observed that at any given day, the difference of the daily mean internal air temperature between living rooms or between bedrooms can be up to 8ºC. These differences within the measured internal air temperature trend need to be addressed and explained by the model of the trend following in the next section.  
4.5 Internal air temperature Trend Modelling – An example of one 
living room 
This section presents the development of a model that is able to predict the trend of the internal air temperature in a living room, based on the trend of the external air temperature using simple linear regression analysis. This will be investigated initially for a living room and then a bedroom in the same dwelling separately. Since all living rooms in the study are free-floating (meaning no mechanically assisted heating or cooling), it is expected that the long-term changes in the internal air temperature are driven by the changes in the external temperature, thus the trend of the internal air temperature at day d ( 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 ) can be a function of the general trend of the external air temperature at day d ( 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 ): 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 =  𝑓𝑓�𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑� =  𝑓𝑓�𝑎𝑎,𝑚𝑚,𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑�        [4.5] In expressing function [5], the parameters  𝛼𝛼 and 𝑚𝑚 of the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  can be optimised so that the correlation between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑   and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 for each internal space is the highest possible. It is essential therefore, to explore how many of the past days (𝑚𝑚) need to be included in the equation and what is the optimum 𝛼𝛼 value that gives the highest possible correlation coefficient (R2) between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 .  
4.5.1 Fitting 𝜶𝜶 & 𝒆𝒆 In order to find which values of 𝛼𝛼 and 𝑚𝑚 are the highest R2 for the correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  
𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 , all 𝑚𝑚 values up to the past 15 days were tested. This was because it would be unlikely for the external weather conditions of 2 weeks past to have an effect on present internal air temperatures, and all values of 𝛼𝛼 between 0.1 and 0.9. Figure 4.5 below shows the results of the R2 between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  of a living room and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  by including anything up to 15 past days in the 
𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  model, for all values of  𝛼𝛼 . 
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Figure 4.5: R2 values between  𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 of a living room and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 1-15 
days and varying 𝜶𝜶 values between 0.1-0.9 The range of the R2 achieved is between about 0.55 and 0.95. The figure also shows that for the first 4 past days, the higher the 𝛼𝛼 value the higher the correlation coefficient R2 gets. However, by including more than 6 of the past days and assigning relatively high weights to them (𝛼𝛼 = 0.9), the R2 drops significantly, meaning that the period older than 6 days is of significantly lower importance in terms of the influence of the external air temperature on the current daily mean internal air temperature. Figure 4.6 is a summary of Figure 4.5 in which the optimum R2 value for each day is given according to the best 𝛼𝛼 fit. 
 
Figure 4.6: Optimum R2 between  𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅  of a living room and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 
1-15 days given the best fit  𝜶𝜶 values for every past day included Figure 4.6 shows that the rate of increase of the R2 between ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑 of an example living room and  
𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 , slows down after the inclusion of the 5th past day. Table 4.2 below shows that the R2 value keeps increasing the more past days are added, however after 𝑚𝑚 = 6 the rate of increase is much lower. This is also due to the fact that the more terms the exponentially weighted moving average model includes, the closer the agreement between both sides of the model’s formula is. 
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Table 4.2: Optimum R2 between  𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 of a living room and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 1-
15 days given the best fit  𝜶𝜶 values for every past day included 
m (days) R2 α 1 0.758 0.9 2 0.873 0.9 3 0.917 0.9 4 0.937 0.8 5 0.949 0.8 6 0.950 0.7 7 0.952 0.7 8 0.953 0.7 9 0.955 0.7 10 0.956 0.7 11 0.956 0.7 12 0.957 0.7 13 0.958 0.7 14 0.959 0.7 15 0.959 0.7  The results show that it is best to use as many days as possible (𝑚𝑚 = 15) and a value of  𝛼𝛼 = 0.7. Following is a figure of  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  for 𝑚𝑚 = 15 days and  𝛼𝛼 = 0.7. However, it is important to note that a value of 𝑚𝑚 = 6 should also be sufficient in cases where the inclusion of more past days requires more effort and increased cost. The figure also demonstrates the daily mean of the internal air temperature of a single living room (𝜃𝜃𝑖𝑖𝑖𝑖,𝑑𝑑) as well as the daily mean of the external air temperature (𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑). 
 
Figure 4.7: Daily mean of hourly measured internal temperature (𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅) of a living room, daily mean 
of hourly measured external air temperature (𝜽𝜽�𝒆𝒆𝒆𝒆,𝒅𝒅) and EWMA of external daily mean (𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅) 
for 𝒆𝒆 = 𝟏𝟏𝟏𝟏 days and 𝜶𝜶 =0.7 
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Figure 4.7 clearly presents the temperature differences between the internal and external mean temperatures. It can be observed that the daily mean internal air temperature follows a much more similar pattern to the EWMA of the daily mean of the external air temperature than the daily mean of the external air temperature itself. This is due to the thermal mass of a dwelling that does not allow the immediate response of the internal air temperature to daily changes of the external air temperature but rather to overall changes having occurred the few days past. It is therefore clear that the use of the filtering method of the EWMA produces a higher degree of correlation between the internal and external trends 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 than using the daily mean of the external air temperature ( 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 ) .  
4.5.2 Model development The following figure shows a scatterplot between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 for this living room and also demonstrates the best fit line and the equation that produces it. 
 
Figure 4.8: Correlation coefficient (R2) between 𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 of a living room and 𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for 𝒆𝒆 = 𝟏𝟏𝟏𝟏 days 
and 𝜶𝜶 = 𝟎𝟎.𝟕𝟕 Figure 4.8 shows that the correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 is very high and this is further demonstrated by calculating the value of R2 between ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑 and 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 (in this case R2 = 0.96).  It is possible therefore to use simple linear regression in order to predict  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  based on  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . In that case the measured 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 will be the explanatory variable and the modelled  𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑  will be the dependent variable and the equation will be of the following form:  
𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑 = 𝑖𝑖 + 𝑔𝑔 × 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑         [4.6] 
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Where 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑  is the modelled internal air temperature trend at day d, in °C and  𝑖𝑖 and 𝑔𝑔 are the intercept and the gradient of the best fit line of the linear regression between the measured  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . This model was tested using the values of the gradient (𝑔𝑔 = 0.92) and intercept               (𝑖𝑖 = 5.69) of the line of best fit. 
4.5.3 Model Testing & Residuals To test the model against the measured data, the modelled trend of the internal air temperature was calculated by using the gradient and the intercept of the line of best fit between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  
𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  (see Figure 4.9), using equation [4.6]. Since the model requires a maximum of 15 past days to predict the trend of the present day, the external air temperature data from the 15th June till the 1st July were also incorporated in order to model the trend on the 1st July 2009. 
 
Figure 4.9: Measured trend (𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅) and modelled trend (𝑻𝑻′𝒊𝒊𝒊𝒊,𝒅𝒅) of the internal air temperature in a 
living room Figure 4.9 shows a high degree of agreement between the measured and the modelled values of the trend of the internal air temperature. However, the modelled trend does not fully capture the peaks and troughs of the measured trend and in some cases it seems like the modelled response is delayed compared to the measured trend. This could be an indicator of the effect of the thermal mass of the dwelling, meaning that the response of the internal air temperature trend to the changes in the external air temperature general trend is delayed due to either the structural characteristics of the dwelling (type of house, type of wall, etc.) or the behavioural characteristics of the occupants’ actions (i.e. window opening). 
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The residuals between the measured trend (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑) and modelled trend (𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑) of the internal air temperature, show a more detailed view of the distribution and the magnitude of the differences between the two. 
 
Figure 4.10: Residuals between measured trend (𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅) and modelled trend (𝑻𝑻′𝒊𝒊𝒊𝒊,𝒅𝒅) of the internal air 
temperature in a living room  The mean of the residuals is zero; however, the values range between -0.7ºC (31st August) and 0.7ºC (25th August) with a standard deviation from the mean of 0.3ºC. Generally, the highest residuals occur during periods when the trend of the external air temperature is rising, such as the middle of July and close to the start and towards the end of August. That could also be a result of the dwelling’s thermal mass, as the internal air temperature will have a delayed response to the increase of the external air temperature. Moreover, the residuals of the trend model could have a significant impact on the prediction of overheating as even a small change in the mean of the internal air temperature could result in values sustained over a threshold for a longer period of time. This impact however will be clear when the final model is examined and compared against the measured data. 
4.6 Internal air temperature Trend Modelling – An example of one 
bedroom  
This section presents the development of a model for the prediction of the trend of the internal air temperature in a bedroom in the same dwelling as the previously examined living room. The model is based on the trend of the external air temperature using simple linear regression analysis. Similar to the living rooms, all bedrooms in the dataset of this study are free-floating (meaning no mechanically assisted heating or cooling), thus the changes in the internal air temperature are, at least partly, driven by the changes in the external temperature. Therefore the 
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trend of the internal air temperature at time d ( 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 ) should be a function of the general trend of the external air temperature at time d ( 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 ) as given before in equation [4.5]: 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 =  𝑓𝑓�𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑� =  𝑓𝑓�𝑎𝑎,𝑚𝑚,𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑�        [4.5] The parameters  𝛼𝛼 and 𝑚𝑚 of the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 can be optimised to result in the highest possible correlation between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑   and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 for each bedroom. As in the case of the living rooms, it is necessary to explore how many of the past days (𝑚𝑚) need to be included in the  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑   model and what is the optimum 𝛼𝛼 value that gives the highest possible correlation coefficient (R2) between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 .  
4.6.1 Fitting 𝜶𝜶 & 𝒆𝒆 The analysis included all values of  𝑚𝑚  up to  𝑚𝑚 = 15, and all values of 𝛼𝛼 between 0.1 and 0.9. Figure 4.10 below shows the results of the R2 between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 of the bedroom and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  , by including anything up to 𝑚𝑚 = 15 days in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  model, for all possible values of  𝛼𝛼 . 
 
Figure 4.11: R2 values between  𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 of a bedroom and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 1-15 
days and varying 𝜶𝜶 values between 0.1-0.9 Figure 4.10 shows that overall the range of the R2 achieved is smaller than for the living room. The lowest R2 is around 0.65 while the highest is 0.9. Also unlike in the case of the living room, the drop of the R2 when using high values of 𝛼𝛼 occurs after 𝑚𝑚 = 2 in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model. Meaning that in the case of this bedroom, having an 𝑚𝑚 > 3 in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  model, does not increase the correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . This is further justified in Figure 4.12 where the optimum R2 value for each day is given according to the best 𝛼𝛼 fit.  
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Figure 4.12: Optimum R2 between  𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅  of a bedroom and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 1-
15 days given the best fit  𝜶𝜶 values for every past day included In the case of the bedroom, the correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  is higher than the living room for 𝑚𝑚 = 1, but it does not increase as much as in the case of the living room as higher  𝑚𝑚  values are added to 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 . It is also worth noting that the optimum 𝛼𝛼 value in the case of the bedroom is 0.6, lower than that for the 0.7 that was found for the living room. This means that the internal air temperature in the bedroom is more prone to changes in the external weather and therefore the external air temperature of only the 3 past days (𝑚𝑚 = 3) is adequate to explain the variation in the internal air temperature. This could be attributed to higher heat losses/gains in the bedroom that could occur due to the lack of roof insulation or to a higher window to room volume ratio. The table below shows that the rate of increase of the R2, in bedroom of the case study home, slows down after  𝑚𝑚 = 3 in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model and it almost stabilises after  𝑚𝑚 = 6. This is also due to the fact that the more terms the exponentially weighted moving average model includes, the closer the agreement between both sides of the model’s formula is. 
Table 4.3: Optimum R2 between  𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 of a bedroom and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 1-15 
days given the best fit  𝜶𝜶 values for every past day included 
m (days) R2 α 1 0.815 0.9 2 0.876 0.9 3 0.878 0.7 4 0.874 0.6 5 0.878 0.6 6 0.881 0.6 7 0.881 0.6 8 0.882 0.6 9 0.882 0.6 10 0.883 0.6 11 0.883 0.6 12 0.883 0.6 13 0.883 0.6 14 0.883 0.6 15 0.883 0.6 
α=0.9
α=0.9 α=0.7 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6 α=0.6
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Table 4.3 shows that for this bedroom it is best to use a high 𝑚𝑚 value (𝑚𝑚 = 15) and a value of 𝛼𝛼 =0.6. Figure 4.13 shows 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  for 𝑚𝑚 = 15 days and  𝛼𝛼 = 0.6. The figure also demonstrates the trend of the internal air temperature of a single bedroom (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  =  𝜃𝜃𝑖𝑖𝑖𝑖,𝑑𝑑 ) as well as the daily mean of the external air temperature ( 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 ). 
 
Figure 4.13: Daily mean of hourly measured internal temperature (𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅) of a bedroom, daily mean of 
hourly measured external air temperature (𝜽𝜽�𝒆𝒆𝒆𝒆,𝒅𝒅) and EWMA of external daily mean (𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅) for 
𝒆𝒆 = 𝟏𝟏𝟏𝟏 days and 𝜶𝜶 = 0.6 As in the case of the living room, there is again a good degree correlation clear between the trend of the internal air temperature  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and the exponentially weighted moving average of the daily mean external air temperature, compared to the daily mean of the external air temperature (𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑) .  
4.6.2 Model development The model that predicts 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑 based on  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 will again be developed using simple linear regression where  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 will be the explanatory variable and 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑 will be the dependent variable and the formula will be the same as in the case of the living room:  
𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑 = 𝑖𝑖 + 𝑔𝑔 × 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑         [4.6] Where 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑  is the modelled trend of the internal air temperature at day d in °C, 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  is the measured trend of the external air temperature at day d in °C and 𝑖𝑖 and 𝑔𝑔 are the intercept and the gradient of the best fit line of the linear regression between the measured  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . The following figure shows a scatterplot between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  for this bedroom and also demonstrates the line of best fit and the equation that produces it.  
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Figure 4.14: Correlation coefficient (R2) between 𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅 of a bedroom and 𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for 𝒆𝒆 = 𝟏𝟏𝟏𝟏 days 
and 𝜶𝜶 = 𝟎𝟎.𝟔𝟔 The degree of correlation between ?̅?𝜃𝑖𝑖𝑖𝑖,𝑑𝑑 and 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  (R2 =0.88) is not as high as the one for the living room (living room R2 =0.96). This could be due to the limited use of the room and therefore the limited presence of the occupants and their behavioural actions. It is again important to test how well the model performs when using the formula given by equation [4.6] and the actual values of the gradient (𝑔𝑔 =1.019) and intercept (𝑖𝑖 =-5.97) of the best fit line. 
4.6.3 Model Testing & Residuals To test the model against the measured data, the modelled trend of the internal air temperature of this bedroom, was calculated by using the gradient and the intercept of the best fit line between 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 (see Figure 4.14), using equation [4.6]. 
 
Figure 4.15: Measured trend (𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅) and modelled trend (𝑻𝑻′𝒊𝒊𝒊𝒊,𝒅𝒅) of the internal air temperature in a 
bedroom 
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The agreement between the measured and the modelled values of the trend of the internal air temperature in the bedroom is not as high as in the living room. At the start of the monitoring period, during the first week of July, the measured trend of the internal air temperature shows a much more rapid cooling of the bedroom that the external air temperature trend. This could be due to a window opening (night time ventilation). Also during the middle of August, the modelled trend seems to be under-predicting compared to the actual measured internal air temperature trend. As in the case of the living room, the modelled trend of the bedroom does not fully capture the peaks and lows of the measured trend. The disagreement between the two could be due to the reduced occupancy time and also the reduced likelihood of behavioural actions, as the occupants are sleeping during most occupancy periods of the bedroom. The analysis of the residuals between the measured trend (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑) and modelled trend (𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑) of the internal air temperature in the bedroom, is shown in Figure 4.16. 
 
Figure 4.16: Residuals between measured trend (𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅) and modelled trend (𝑻𝑻′𝒊𝒊𝒊𝒊,𝒅𝒅) of the internal air 
temperature in a bedroom In the case of the bedroom, the values range between -1.23ºC (4th July) and 1.04ºC (25th August) with a standard deviation from the mean of 0.53ºC. Similar to the living room, the highest residuals occur during periods when the trend of the external air temperature is rising, such as the middle of July and close to the start and towards the end of August. The periods when the model is over-predicting, i.e. when the lowest residuals occur (start of both July and August), could again be due to high heat losses from the fabric of the dwelling (lack of roof insulation) or a night time ventilation strategy followed by the occupants. 
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4.7 Internal air temperature Trend Modelling – All living rooms and 
bedrooms 
This section presents the statistics for the parameters of the trend model for all 210 living rooms and 201 bedrooms. These were calculated by repeating the steps of the previous sections for all 411 spaces and include the R2 values of the correlation between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 , the values of 𝛼𝛼 and 𝑚𝑚 that the highest possible R2, and the intercept (𝑖𝑖) and the gradient (𝑔𝑔) of the best fit line between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 . The distribution of these parameters is also analysed according characteristics of the dwellings (dwelling type, dwelling age, wall type). 
4.7.1 Fitting 𝜶𝜶 & 𝒆𝒆 Table 4.4 presents a summary of the statistics of the R2 for the correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 and all the resulting  𝛼𝛼  and  𝑚𝑚  values, across the dataset for all living rooms and bedrooms. 
Table 4.4: Summary statistics of R2 for the best correlation between  𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 and the resulting 
𝜶𝜶  and  𝒆𝒆  values for all living rooms and bedrooms 
R2 Mean Max Min St. Dev. 25th Perc. 50th Perc. 75th Perc. Living rooms (N=210) 0.89 0.97 0.41 0.08 0.86 0.91 0.94 Bedrooms (N=201) 0.88 0.98 0.41 0.08 0.87 0.90 0.93 
Alpha (α) Mean Max Min St. Dev. 25th Perc. 50th Perc. 75th Perc. Living rooms (N=210) 0.68 0.90 0.37 0.08 0.63 0.68 0.73 Bedrooms (N=201) 0.65 0.90 0.39 0.09 0.60 0.65 0.71 
Past days (m) Mean Max Min St. Dev. 25th Perc. 50th Perc. 75th Perc. Living rooms (N=210) 10.1 15 1 5.4 5.0 14.5 15 Bedrooms (N=201) 8.70 15 1 5.56 3.0 6.0 15  The table shows that a high degree of correlation between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 is achieved by using the optimum  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  with different values of 𝛼𝛼 and 𝑚𝑚 for every single space (living room or bedroom). However there are a few spaces (both living rooms and bedrooms) that present rather weak correlation between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  (R2 = 0.41). The 𝛼𝛼 values range from 0.4 to 0.9 and the number of past days used in the model can be anything between 1 and 15 with a mean value of about 9 for bedrooms and 10 for living rooms. The 25th percentile of R2 shows that 75% of the both living rooms and bedrooms have an R2 > 0.86, indicating really strong correlation between 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑. On average living rooms have a greater response time to the external conditions than the bedrooms (higher mean value of 𝑚𝑚). The following figure presents a detailed distribution of the R2 ,  𝛼𝛼  and  𝑚𝑚  values for both living rooms and bedrooms. 
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Figure 4.17: Distribution of R2 (top), 𝜶𝜶 (middle) and 𝒆𝒆 (bottom) values across all living rooms (red 
bars, N=210) and bedrooms (blue bars, N=201) 
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Figure 4.17 shows that over 90% of living rooms present an R2 above 0.8 and over 60% above 0.9. In the case of bedrooms, over 90% present an R2 above 0.8 and over 50% above 0.9. The figures in Appendix A support these findings (Figure A. 17 – Figure A. 20). There are 7 living rooms and 8 bedrooms with a value of R2 lower than 0.7, these account for 3.3% and 4% of the 210 living rooms and 201 bedrooms respectively. Section 4.7 will present a more detailed investigation of these spaces. The optimal values of 𝛼𝛼, present a normal distribution, with about 78% of the living rooms and 71% of the bedrooms having an optimal value between 0.60 and 0.80. The higher the value of 𝛼𝛼, the smaller the importance of the most recent days in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model. A difference of 0.2 units in the value of 𝛼𝛼 translates to 20% difference in the effect of the same day’s external air temperature to the internal air temperature, which could be a distinctive variance to the model of the trend. Furthermore, the difference between the living rooms and bedrooms indicates that overall bedrooms present a more diverse relationship between the internal and external temperature conditions. This could be due to a number of reasons such as the location of the bedroom in the dwelling in relation to the living room (ground floor, first floor, etc.), as bedrooms located on higher floors than the living room could be subject to buoyancy driven heat but also to increased or decreased heat losses depending on whether there is loft insulation. Another factor could be the actions of the occupants in regulating their thermal comfort during sleeping, which could range from, wearing lighter clothes, to taking off their cover or having a window open. The distribution of the 𝑚𝑚 values shows that over 50% of the living rooms give the best possible R2 value between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  when the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model includes the past 15 days. However, about 40% of the 𝑚𝑚 values fall between 2 and 6. In the case of bedrooms, about less than 40% have an optimum 𝑚𝑚 = 15  and about 50% between 2 and 6. The distributions of both living rooms and bedrooms show a clear pattern where the 𝑚𝑚 values between 7 and anything less than the maximum 𝑚𝑚 allowed in the model (𝑚𝑚 = 15), are not computed as optimum values for the vast majority of the internal spaces. This is a result of the exponential nature of the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑  model, as the more terms (past days) it includes the closer the  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 gets to the actual values of  𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑  and therefore the more likely is to result to a higher R2 value between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑. For example, if the model was given an allowance up to  𝑚𝑚 = 20, it is very likely that this would be computed as the optimum solution instead of 𝑚𝑚 = 15. With this mind and the histograms in Figure 4.17, it might be adequate to only use  𝑚𝑚 = 6  in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model. This result is also due to the specific conditions that prevailed during the summer period of 2009 (rather cool summer). If the external air temperature exhibited a greater variance during the monitoring period (for example if there was one pronounced heatwave or more), this value of 6 could have been lower. 
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Furthermore, overall  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  in bedrooms shows a tendency correlate better with 𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 when lower values of  𝑚𝑚  are included to the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model, compared to the 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  in living rooms. That difference could mean that the 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  in the bedrooms are correlated with more recent external conditions rather than older. In a way one could say that they have shorter memory of the external weather conditions and this could be due to the heat losses/gains of the dwelling’s fabric, the thermal mass of the fabric, the volume of the rooms or the actions of the occupants.  In terms of the distribution of the optimum 𝛼𝛼 values in relation to the optimal 𝑚𝑚 values, there are not major differences between living rooms and bedrooms as most of the values fall between 𝛼𝛼 = 0.5 and 𝛼𝛼 = 0.9. This is further justified by Figure 4.18 below. 
 
Figure 4.18: Optimum values of α and m that give the highest value of R2 for the correlation between 
𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 for all living rooms and bedrooms The figure above shows that there is no clear trend in the relationship between 𝛼𝛼 and 𝑚𝑚 values. For example higher values of 𝛼𝛼 do not result in higher values of 𝑚𝑚 and the opposite. Figure 4.19 shows in more detail the spread of the optimum 𝛼𝛼 values for each past day included in the 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 model. It can be observed that the more days are included in the model (higher values of 𝑚𝑚) the spread of the 𝛼𝛼 values decreases. It is also evident that the living rooms generally present a smaller range of 𝛼𝛼 values per past day compared to the bedrooms. The boxplots also allow spotting the outliers in the dataset. 
 
Figure 4.19: Distribution of alpha (𝜶𝜶) values according to the amount of past days (𝒆𝒆) included in  
𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 , for living rooms and bedrooms 
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4.7.2 Impact of dwelling characteristics on fitting 𝜶𝜶 & 𝒆𝒆  The relationship between the values of R2, 𝛼𝛼, 𝑚𝑚 and the different characteristics of the dwellings presented was tested to explore the potential to build a generalised model based on dwelling or household characteristics. Table 4.5 below shows the results for the 210 living rooms. 
Table 4.5: Summary statistics of optimum R2 based on best 𝜶𝜶 and best 𝒆𝒆 values for the correlation 
between 𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 ,  for all living rooms (N=210), arranged according to different home 
characteristics 
  R2 Alpha (α) Past days (m) 
 N Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type Detached 18 0.90 0.02 0.77 0.95 0.70 0.04 0.61 0.90 11.5 2.9 1.0 15.0 Semi 92 0.88 0.02 0.45 0.97 0.68 0.02 0.50 0.90 9.8 1.1 1.0 15.0 End terrace 22 0.90 0.02 0.81 0.95 0.66 0.04 0.52 0.90 10.2 2.5 1.0 15.0 Mid terrace 52 0.88 0.03 0.41 0.97 0.68 0.02 0.52 0.90 10.0 1.5 1.0 15.0 Flat 26 0.90 0.03 0.66 0.97 0.70 0.04 0.37 0.90 10.0 2.1 1.0 15.0 
Dwelling Age Pre 1900 15 0.88 0.06 0.58 0.97 0.74 0.05 0.62 0.90 9.5 3.2 1.0 15.0 1900-1919 22 0.92 0.02 0.79 0.96 0.68 0.02 0.55 0.76 11.7 2.2 2.0 15.0 1920-1944 69 0.89 0.02 0.45 0.96 0.67 0.02 0.52 0.82 10.4 1.2 2.0 15.0 1945-1964 39 0.88 0.03 0.41 0.97 0.68 0.03 0.49 0.90 9.7 1.8 2.0 15.0 1965-1980 35 0.88 0.03 0.54 0.97 0.68 0.03 0.50 0.90 9.1 1.9 1.0 15.0 Post 1980 30 0.86 0.02 0.66 0.94 0.69 0.04 0.37 0.90 9.8 2.1 1.0 15.0 
Wall Type Solid 88 0.90 0.02 0.45 0.97 0.69 0.02 0.52 0.90 9.9 1.2 1.0 15.0 Cavity 54 0.88 0.03 0.41 0.97 0.68 0.02 0.49 0.90 9.9 1.5 1.0 15.0 Filled cavity 68 0.88 0.02 0.66 0.97 0.67 0.02 0.37 0.90 10.5 1.3 1.0 15.0  The table shows that in the case of the living rooms, none of the dwelling characteristics prove to be significant in explaining the variation within the three variables R2,  𝛼𝛼 and  𝑚𝑚 . In all cases the 95% confident internals overlap within the 3 different categories therefore no distinct differences are clear. The low minimum values of R2 that appear in the semi-detached and mid-terraced homes are also repeated in the dwelling age and wall type columns and indicate that these are specific homes that produce very low correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑   and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 and will be further 
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examined as outliers later in section 4.7. In the case of  𝛼𝛼, it is only the living rooms in homes that were built before 1900 that present a slightly higher value in relation to all other categories, but at the same time these account for the lowest percentage in the dataset (N=15). The values of  𝑚𝑚 do not present any clear pattern related to any of the dwelling characteristics.  Table 4.6 shows the relationship between the values of the R2 of the correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  
𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 , the parameters  𝛼𝛼 and  𝑚𝑚 and the different characteristics of the dwellings presented for the 201 bedrooms. 
Table 4.6: Summary statistics of optimum R2 based on best 𝜶𝜶 and best 𝒆𝒆 values for the correlation 
between 𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅  and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅  , for all bedrooms (N=201), arranged according to different home 
characteristics 
  R2 Alpha (α) Past days (m) 
 N Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type Detached 21 0.88 0.04 0.60 0.97 0.63 0.03 0.49 0.74 8.7 2.7 1.0 15.0 Semi 88 0.88 0.02 0.41 0.97 0.65 0.02 0.44 0.90 8.0 1.2 1.0 15.0 End terrace 21 0.89 0.02 0.80 0.97 0.67 0.06 0.48 0.90 8.1 2.6 1.0 15.0 Mid terrace 50 0.90 0.02 0.61 0.98 0.66 0.03 0.39 0.89 9.4 1.5 2.0 15.0 Flat 21 0.87 0.05 0.52 0.96 0.72 0.04 0.47 0.87 10.6 2.5 1.0 15.0 
Dwelling Age Pre 1900 15 0.91 0.03 0.75 0.98 0.69 0.06 0.59 0.90 8.5 3.1 2.0 15.0 1900-1919 24 0.92 0.02 0.81 0.97 0.68 0.02 0.57 0.79 10.5 2.0 3.0 15.0 1920-1944 65 0.88 0.02 0.41 0.97 0.64 0.02 0.44 0.90 8.4 1.4 1.0 15.0 1945-1964 33 0.88 0.03 0.48 0.95 0.65 0.03 0.51 0.87 8.9 2.1 1.0 15.0 1965-1980 33 0.88 0.03 0.61 0.96 0.67 0.04 0.39 0.90 8.2 2.0 1.0 15.0 Post 1980 31 0.85 0.04 0.52 0.95 0.65 0.04 0.47 0.90 8.4 2.2 1.0 15.0 
Wall Type Solid 87 0.89 0.02 0.41 0.98 0.66 0.02 0.39 0.90 8.8 1.2 1.0 15.0 Cavity 47 0.89 0.02 0.60 0.97 0.65 0.03 0.44 0.90 8.7 1.6 1.0 15.0 Filled cavity 67 0.87 0.02 0.48 0.97 0.66 0.02 0.41 0.90 8.5 1.4 1.0 15.0  In the case of the bedrooms, the dwelling characteristics are not able to explain the variation within the three variables R2,  𝛼𝛼 and  𝑚𝑚 . As in the case of the living rooms, when considering the 95% confident internals within the 3 different categories no distinct differences are clear. Also the 
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relatively small values of R2 that appear for the bedrooms in semi-detached and mid-terraced homes and flats are also repeated in the dwelling age column and suggest that these are specific homes that produce very low correlation between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 and will be further examined as outliers later in section 4.7. The same situation applies with regards to the minimum values of  𝛼𝛼. The values of  𝑚𝑚 do not present any clear pattern related to any of the dwelling characteristics where the bedrooms are. These findings are also demonstrated in Appendix A, in figures that show the complete distribution of the three variables R2,  𝛼𝛼 and  𝑚𝑚 according to the different dwelling characteristics for both living rooms and bedrooms (Figure A. 1 – Figure A. 12). 
4.7.3 Model Development Having assigned the optimum values of 𝑎𝑎 and  𝑚𝑚 to all living rooms and bedrooms, the intercept (𝑖𝑖) and gradient (𝑔𝑔) of the line of best fit of the linear regression between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 were computed, and the results across the dataset are given in the table below. 
Table 4.7: Summary statistics for intercept (𝒊𝒊) and gradient (𝒈𝒈) of the best fit line between  𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  
𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 for all living rooms and bedrooms 
Intercept (i) (°C) Mean Median Max Min St. deviation Living rooms (N=210) 9.87 9.81 18.67 1.05 3.17 Bedrooms (N=201) 8.29 7.97 19.33 0.71 3.60 
Gradient (g) Mean Median Max Min St. deviation Living rooms (N=210) 0.88 0.82 3.09 0.47 0.36 Bedrooms (N=201) 1.04 0.96 4.34 0.44 0.44  The differences within the values of 𝑖𝑖 and 𝑔𝑔 (maximum and minimum) are due to the differences in the model of 𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 when using only a small number (𝑚𝑚 = 1) or a large number (𝑚𝑚 = 15) of past days (see Figure 4.2). The full spread of the values of  𝑖𝑖  and  𝑔𝑔  for both living rooms and bedrooms are presented in Figure 4.20 below. In terms of the intercept of the best fit line between 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 , Figure 4.20 shows a large spread of values. This is due to the fact that the difference between  𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 could be large if the model of  𝜃𝜃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑒𝑒,𝑑𝑑 was fed with low values of  𝑚𝑚 and high values of 𝛼𝛼, such as 𝑚𝑚 = 1 and 
𝛼𝛼 = 0.9, or very small if the values of 𝑚𝑚 are high and the values of 𝛼𝛼 are low, for example 𝑚𝑚 = 15 and 𝛼𝛼 = 0.3 (see Figure 4.2 and Figure 4.3). In the case of the gradient, more than 85% of the living rooms have an optimum value between 0.5 and 1 while this figure falls to less than 55% when it comes to bedrooms. Overall the distribution of the intercept for the bedrooms is skewed 
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to the right and the mean is smaller than that for the living rooms. While in the case of the gradient is the opposite, with the mean of the bedrooms (1.04) higher than the mean of the living rooms (0.88). 
 
 
Figure 4.20: Distribution of intercept (𝒊𝒊) and gradient (𝒈𝒈) values across all living rooms (red bars, 
N=210) and bedrooms (blue bars, N=201) The differences between the living rooms and bedrooms could be attributed to the different uses and occupancy schedules between a living room and a bedroom in general. Also the location of the bedroom in the dwelling in relation to the living room (ground floor, first floor, etc.), as well as the actions of the occupants in regulating their thermal comfort during sleeping, could play an important role as discussed before.  
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4.7.4 Impact of dwelling characteristics on 𝒊𝒊 and  𝒈𝒈 Same as for the variables R2, 𝛼𝛼 and 𝑚𝑚, it is essential to investigate the relationship between the values of intercept and gradient and the different characteristics of the dwellings presented in Table 4.8 below, for the case of the 210 living rooms. 
Table 4.8: Summary statistics of the intercept (𝒊𝒊) and gradient (𝒈𝒈) of the best fit line for the linear 
regression between 𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 ,  for all living rooms (N=210), arranged according to different 
home characteristics 
  R2 Intercept (i) Gradient (g) 
 N Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type Detached 18 0.88 0.04 0.60 0.97 7.90 1.86 1.06 13.71 1.13 0.30 0.69 2.95 Semi 92 0.88 0.02 0.41 0.97 9.95 0.64 2.21 17.36 0.86 0.06 0.47 2.42 End terrace 22 0.89 0.02 0.80 0.97 9.61 1.46 3.73 14.98 0.93 0.20 0.61 2.77 Mid terrace 52 0.90 0.02 0.61 0.98 10.25 0.78 4.83 18.67 0.85 0.10 0.48 3.09 Flat 26 0.87 0.05 0.52 0.96 10.43 1.33 3.34 15.78 0.85 0.09 0.55 1.46 
Dwelling Age Pre 1900 15 0.91 0.03 0.75 0.98 9.46 1.88 5.61 18.67 1.13 0.38 0.72 3.09 1900-1919 22 0.92 0.02 0.81 0.97 7.91 1.51 1.06 16.36 0.87 0.06 0.63 1.19 1920-1944 69 0.88 0.02 0.41 0.97 9.42 0.67 3.73 17.04 0.83 0.04 0.47 1.72 1945-1964 39 0.88 0.03 0.48 0.95 10.14 1.07 2.21 15.78 0.90 0.11 0.50 2.31 1965-1980 35 0.88 0.03 0.61 0.96 10.95 0.98 4.26 17.36 0.87 0.13 0.56 2.77 Post 1980 30 0.85 0.04 0.52 0.95 10.94 1.19 4.85 15.67 0.90 0.20 0.48 2.95 
Wall Type Solid 88 0.89 0.02 0.41 0.98 9.28 0.68 1.06 18.67 0.92 0.08 0.47 3.09 Cavity 54 0.89 0.02 0.60 0.97 9.88 0.76 4.26 15.81 0.93 0.11 0.50 2.77 Filled cavity 68 0.87 0.02 0.48 0.97 10.63 0.79 2.21 17.36 0.81 0.07 0.48 2.95  The mean values of the intercept and gradient of the best fit line for the linear regression between 
𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑 and  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑 , show that there is a possible connection of  𝑖𝑖  and  𝑔𝑔  to all dwelling characteristics considered (dwelling type, dwelling age, wall type).  The results in Table 4.8 suggest that the more exposed walls a dwelling has (detached homes), the smaller the value of the intercept and also the higher the value of the gradient, indicating a quicker response to the external temperature. The same applies for the oldest dwellings and the wall types with the lowest U-value. However, when 
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considering the 95% confidence intervals it becomes less clear whether any relationship exists. The figures in Appendix A (Figure A. 13 and Figure A. 14) support the fact that the relationship between 𝑖𝑖  and  𝑔𝑔  and the dwelling characteristics is rather weak.  
Table 4.9: Summary statistics of the intercept (𝒊𝒊) and gradient (𝒈𝒈) of the best fit line for the linear 
regression between 𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 ,  for all bedrooms (N=201), arranged according to different home 
characteristics 
  R2 Intercept (i) Gradient (g) 
 N Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type Detached 21 0.88 0.04 0.60 0.97 7.38 1.79 0.71 16.75 1.00 0.09 0.67 1.44 Semi 88 0.88 0.02 0.41 0.97 8.14 0.72 2.48 19.34 1.07 0.11 0.44 4.34 End terrace 21 0.89 0.02 0.80 0.97 7.51 1.81 1.11 13.87 1.30 0.31 0.66 3.57 Mid terrace 50 0.90 0.02 0.61 0.98 8.46 0.96 2.50 17.93 0.94 0.06 0.53 1.87 Flat 21 0.87 0.05 0.52 0.96 10.28 1.76 1.64 16.06 0.91 0.16 0.52 2.08 
Dwelling Age Pre 1900 15 0.91 0.03 0.75 0.98 8.22 2.28 2.33 17.93 1.09 0.23 0.58 2.49 1900-1919 24 0.92 0.02 0.81 0.97 6.91 1.56 0.71 13.00 0.98 0.07 0.70 1.30 1920-1944 65 0.88 0.02 0.41 0.97 7.77 0.83 1.39 19.34 1.04 0.08 0.44 3.16 1945-1964 33 0.88 0.03 0.48 0.95 7.85 1.19 1.64 16.06 1.02 0.09 0.64 1.99 1965-1980 33 0.88 0.03 0.61 0.96 9.00 1.24 1.87 16.75 1.14 0.22 0.62 3.57 Post 1980 31 0.85 0.04 0.52 0.95 10.25 1.29 1.11 16.22 0.98 0.25 0.52 4.34 
Wall Type Solid 87 0.89 0.02 0.41 0.98 7.86 0.80 0.71 19.34 1.00 0.05 0.44 2.49 Cavity 47 0.89 0.02 0.60 0.97 7.46 0.97 1.11 16.06 1.14 0.16 0.62 3.57 Filled cavity 67 0.87 0.02 0.48 0.97 9.46 0.81 2.53 16.75 1.03 0.13 0.52 4.34  In the case of the bedrooms, the results in Table 4.9 suggest a similar but not as strong pattern compared to the case of living rooms in the relationship between the intercept, the gradient and the 3 different dwelling characteristics. The figures Appendix A (Figure A. 15 and Figure A. 16) support the fact that the relationship between 𝑖𝑖  and  𝑔𝑔  and the dwelling characteristics is weak in the case of the bedrooms as well.    
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4.7.5 Model Testing & Residuals The modelled trend is derived from the linear regression between the daily mean of the internal air temperature and the exponentially weighted moving average of the daily mean external air temperature. The values of 𝛼𝛼 and 𝑚𝑚 are optimised to achieve the highest R2 possible, and then the values of  𝑖𝑖 and 𝑔𝑔 are based on the line of best fit. Figure 4.21 below presents the modelled trend in all living rooms and bedrooms, in relation to the external daily mean temperature.  
 
 
Figure 4.21: Modelled Trend of all living rooms (top) (N=210) and all bedrooms (bottom) (N=201) 
and external daily mean temperature Figure 4.21 shows that overall the model captures the long term trend of the external temperature. It can be observed that for any given time, the range of the modelled trend, between 
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living rooms or between bedrooms, can range up to 7ºC.  The residuals of the modelled trend are shown in Figure 4.22 below. In general, it can be observed that the model is a better fit for the living rooms than the bedrooms as the residuals in the case of the bedrooms are larger than in the case of the living rooms. 
 
 
Figure 4.22: Residuals of modelled trend for all living rooms (top) (N=210) and all bedrooms 
(bottom) (N=201) Since the mean of the residuals for both living rooms and bedrooms is around zero, another measure of dispersion needs to be used for comparison. The standard deviation from the mean will show the average range of values of the residuals for every room throughout the 62-day monitoring period. Figure 4.23 shows the distribution the standard deviation and the maximum and minimum values of the residuals of the modelled trend for all 210 living rooms and 201 bedrooms. 
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Figure 4.23: Distribution of Residuals of modelled Trend, maximum (top), minimum (middle) and 
standard deviation from the mean (bottom), for all living rooms (red bars, N=210) and all bedrooms 
(blue bars, N=201) 
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Overall it can be seen that the model for the trend of the internal air temperature performs better in the case of the living rooms than the bedrooms. This is clearly observed as the distribution of the standard deviation from the mean of the residuals is higher and also the maximum values of the residuals are overall higher in the case of the bedrooms compared to the living rooms. The spread of the values is also larger in the case of the bedrooms for all 3 measures of dispersion (standard deviation, maximum, minimum). The following figure also demonstrates that in general the larger the standard deviation of the residuals between the measured trend (𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑) and the modelled trend (𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑) of the internal air temperature, the higher the maximum values of the residuals are. This indicates that the model that performs well on average, will have a greater ability to capture a larger variation of the daily mean internal air temperature. 
 
 
Figure 4.24: Distribution of the mean, the standard deviation and the maximum values of the 
residuals between the measured trend ( 𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 ) and the modelled trend ( 𝑻𝑻′𝒊𝒊𝒊𝒊,𝒅𝒅 ) of the internal air 
temperature for all living rooms (top) and bedrooms (bottom), arranged according to the ascending 
order of the standard deviation 
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4.7.6 Model Outliers  The outliers of the modelled trend are rooms (either living rooms or bedrooms) that do not present a strong correlation (𝑅𝑅2 < 0.70) (Salkind, 2017) between the daily mean internal air temperature and the exponentially weighted moving average of the daily mean external air temperature. There 7 living rooms and 8 bedrooms in total that have been identified as outliers of the model for the trend and their dwelling characteristics are presented in Table 4.10 below. 
Table 4.10: Living room and bedroom Trend model outliers’ (R2<0.70) dwelling characteristics, R2, 𝜶𝜶 
and 𝒆𝒆 values 
Living rooms Dwelling Type Dwelling Age Wall Type R2 a m 
117131 Mid Pre 1900 Solid 0.576 0.85 2 
118041 Semi 1945-1964 Filled Cavity 0.655 0.52 15 
126031 Semi 1920-1944 Solid 0.680 0.62 2 
135071 Semi 1965-1980 Cavity 0.541 0.88 15 
136261 Flat Post 1980 Filled Cavity 0.660 0.37 2 
144231 Mid 1945-1964 Cavity 0.412 0.82 2 
148201 Semi 1920-1944 Solid 0.499 0.59 2 
Bedrooms       
114131 Flat Post 1980 Solid 0.515 0.85 3 
118051 Semi 1945-1964 Filled Cavity 0.483 0.57 3 
125081 Semi 1920-1944 Solid 0.671 0.77 1 
134091 Mid 1965-1980 Cavity 0.611 0.79 15 
136261 Flat Post 1980 Filled Cavity 0.642 0.47 2 
143171 Detached Post 1980 Cavity 0.600 0.50 1 
148201 Semi 1920-1944 Solid 0.406 0.65 2 
149191 Semi 1920-1944 Filled Cavity 0.684 0.79 2  Table 4.10 shows that the weak correlation between the daily mean internal air temperature and the exponentially weighted moving average of the daily mean external air temperature is not related to the characteristics of the dwellings dwelling type, dwelling age or wall type, as the variation in the characteristics does not indicate any pattern. Moreover, 8 of the outliers have a value of 𝑅𝑅2 above 0.6 and only 3 below 0.5 while the majority of the outliers present low values of  
𝑚𝑚. Table 4.11 presents summary statistics for the hourly recorded internal air temperatures in the living rooms and bedrooms characterised as outliers in the trend model, and the corresponding values of the measured internal trend.   
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Table 4.11: Summary statistics for living room and bedroom Trend model outliers (R2<0.70)  
 Hourly values Measured Internal Trend 
Living rooms Mean Max Min St Dev Mean Max Min 
116131 20.8 27.3 18.1 1.6 20.8 25.5 18.7 
117131 24.5 27.1 22.3 1.0 24.5 26.4 226 
118041 23.1 29.5 18.4 1.9 23.0 27.2 20.7 
126031 21.4 27.7 18.5 1.7 21.4 26.9 18.8 
135071 22.4 27.2 18.8 1.5 22.4 26.1 19.2 
136261 23.1 28.9 19.1 1.5 23.1 27.6 20.8 
144231 23.1 30.8 17.9 2.1 23.1 28.8 18.7 
148201 23.2 29.3 20.2 1.2 23.2 26.8 21.1 
Bedrooms        
116131 21.8 30.1 18.8 1.7 21.8 27. 19.4 
114131 23.1 26.8 19.5 1.3 23.1 26.2 20.2 
118051 22.7 29.4 19.1 1.6 22.7 26.1 20.5 
125081 24.9 30.5 21.5 1.3 24.9 29.1 22.9 
134091 24.8 30.3 21.4 1.5 24.8 29.3 21.9 
136261 22.2 27. 7 18.5 1.4 22.2 26.7 19.9 
143171 21.7 28.8 14.2 2.1 21.7 27.2 16.3 
148201 24.6 28.7 21.6 1.2 24.6 27.9 22.8 
149191 21.8 27.6 18.8 1.4 21.8 26.7 19.3  
4.8 Summary 
This chapter presented the analysis and modelling of the Trend component of the internal air temperature. The trend forms the basis for the prediction of the internal air temperature as it is responsible for modelling the mean of the internal air temperature. This is based on a regressive form of the external air temperature that allows capturing the response of the internal air temperature to the long-term external weather conditions. This form is given by the exponentially weighted moving average (EWMA) of the external daily mean air temperature that contains two parameters (α and m) which are optimised in order to achieve the highest R2 value for the linear regression between the EWMA of the external daily mean air temperature and the daily mean internal air temperature. This allows the prediction of the daily mean internal air temperature based on the exponentially weighted moving average of the daily mean external air temperature. The results indicate that the daily mean of the internal air temperature can be affected by the external air temperature of up to 6 past days, but this is also due to the specific conditions that 
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prevailed during the summer period of 2009, which was characterised as a rather cool summer. If the external air temperature had increased variance during the monitoring period, the value of 6 could have been lower.  Overall, the optimal values of α and m did not significantly relate to any of the dwellings’ or households’ characteristics, hence the model of the Trend at this stage is building-specific. There could however be properties of the homes, such as orientation, heat loss coefficients, use of windows or blinds, which could be related to the values of α and m, but unfortunately these were not measured.   
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Chapter 5. Results 2 – Cyclical Component 
Analysis and Modelling 
5.1 Introduction 
The aim of this chapter is to analyse the cyclical components of the external air temperature, the global solar irradiation and the internal air temperature and develop a statistical model that is able to predict the cyclical component of the internal air temperature based on the external air temperature and the global solar irradiation. The model is based on the measured external air temperature and global solar irradiation, recorded between 1st July and 31st August 2009 in Leicester, UK.  The methodology presented in chapter 3 has been applied throughout the dataset and the findings are presented in the following sections. Section 5.2 presents the analysis of the measured cyclical component of the external air temperature, which is identified by removing the daily mean from the hourly measured series of the external air temperature. The analysis includes statistical elements of the series such as basic measures of dispersion as well as the chorological elements (or the phase φe) of the dispersion.  Section 5.3 presents the analysis of the measured cyclical component of the global solar irradiation. This is identified as the hourly measured data series of the global solar irradiation. The analysis includes statistical elements of the series such as basic measures of dispersion as well as the chorological elements (or the phase φs) of the dispersion. Sections 5.4 and 5.5 present the analysis of the measured cyclical component of the internal air temperature in one living room, in a semi-detached, pre 1900 dwelling with solid walls and in all 411 living rooms and bedrooms respectively. The cyclical component is identified by removing the daily mean from the hourly measured series of the internal air temperature. This is then plotted graphically and analysed in terms of measures of dispersion. Sections 5.6 and 5.7 present the modelling of the cyclical component of the internal air temperature for a living room and a bedroom, in a semi-detached, pre 1900 dwelling with solid 
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walls respectively. The model is able to predict the cyclical component of the internal air temperature based on the cyclical component of the external air temperature, and the hourly measured global solar irradiation, using a linear equation. For each space, a five-point optimisation takes place where the phase of the cyclical component of the external air temperature, the phase of the global solar irradiation and their coefficients as well as a constant are all optimised to produce the minimum possible RMSE value, between the modelled and the measured cyclical component of the internal air temperature. Finally, this section presents the testing of the modelled cyclical component against the measured data, using the CIBSE overheating criteria and it also provides and analysis of the residuals of the model. Section 5.8 explores the modelled cyclical component of the internal air temperatures in all 411 living rooms and bedrooms. It provides summary statistics for the optimum values of 𝐴𝐴, 𝐵𝐵, 𝛾𝛾 and  
𝜑𝜑𝑒𝑒 , 𝜑𝜑𝑠𝑠 as well as their distribution across the dataset. It also explores the relationship of these five variables and the dwellings’ characteristics dwelling type, dwelling age and wall type. Furthermore, the section presents summary statistics and the distribution of the residuals of the modelled trends for all 411 spaces and it identifies any outliers of the model. Section 5.9 presents a summary of this chapter. 
5.2 External Air Temperature Cyclical Component Analysis 
This section explores the measured cyclical component of the external air temperature over the 62-day monitoring period. This is calculated as the difference between the hourly measured external air temperature and the daily mean of the external air temperature. However, as the resolution of the hourly data is different from the daily mean, a transformation of the daily mean to a structured hourly series is essential. This is achieved by applying the daily mean as a single value, which is the same for all hours throughout the 24-hour day. The cyclical component is then calculated by removing the new daily mean structured series from the hourly measured values of the data. This method has been introduced in Section 3.5.3. An example is given in Table 5.1 below. 
Table 5.1: Transformation of a daily mean value to an hourly structured series 
Time  in a day 
(hours) 
Hourly measured 
temperature (°C) 
Daily mean 
temperature (°C) 
Cyclical Component 
(°C) 1 X1  𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡=1 = X1 - 𝑋𝑋24����� 2 X2  𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡=2 = X2 - 𝑋𝑋24����� 3 X3 𝑋𝑋24����� 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡=3 = X3 - 𝑋𝑋24����� 4 X4  𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡=2 = X4 - 𝑋𝑋24����� .. ..  .. 24 X24  𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡=24 = X24 - 𝑋𝑋24����� 
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Figure 5.1 illustrates the hourly measured external air temperature (𝜃𝜃𝑒𝑒𝑒𝑒,𝑡𝑡) and the daily mean applied hourly (?̅?𝜃𝑒𝑒𝑒𝑒,𝑡𝑡). 
 
Figure 5.1: Hourly measured external air temperature (𝜽𝜽𝒆𝒆𝒆𝒆,𝒕𝒕) and the daily mean of the external air 
temperature applied hourly (𝜽𝜽�𝒆𝒆𝒆𝒆,𝒕𝒕) By removing the hourly-applied daily mean from the hourly measured series, the cyclical component can be isolated and identified, hence: 
𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡 = 𝜃𝜃𝑒𝑒𝑒𝑒,𝑡𝑡 − 𝜃𝜃�𝑒𝑒𝑒𝑒,𝑡𝑡                    [5.1]  This represents the diurnal variation around the mean of the external air temperature and is given in Figure 5.2.  
 
Figure 5.2: Measured cyclical component of the external air temperature (𝑪𝑪𝒆𝒆𝒆𝒆,𝒕𝒕) 
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Figure 5.2 illustrates the measured cyclical component of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡) during the 62-day monitoring period from 1st July 2009 till 31st August 2009. It can be seen that the cyclical component varies greatly during this period. The highest values are recorded during the second half of August but overall values of up to ±6°C can be observed within the monitoring period. Table 5.2 summarises the main measures of dispersion of the cyclical component of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡). 
Table 5.2: Summary statistics of measured cyclical component of external air temperature (𝑪𝑪𝒆𝒆𝒆𝒆,𝒕𝒕) 
 Mean Max Min St. Deviation Hourly (ºC) 0.0 7.2 -7.0 2.8 Daily swing (ºC) 8.2 13.7 2.6 2.3  Table 5.2 shows the range of values of the hourly measured cyclical component (+7.2°C to -7.0°C) but it also shows that the daily variation (daily maximum – daily minimum) of the cyclical component, has a mean value of 8.2°C but can extend up to 13.7°C. Figure 5.3 shows the for each of the 62 days of the monitoring period, the difference between the hourly external air temperature and that day’s mean temperature.  
 
Figure 5.3: Daily distribution of the hourly measured cyclical component of the external air 
temperature (𝑪𝑪𝒆𝒆𝒆𝒆,𝒕𝒕) 
-8
-6
-4
-2
0
2
4
6
8
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Cy
cl
ic
al
 C
om
po
ne
nt
 o
f E
xt
er
na
l a
ir 
te
m
pe
ra
tu
re
 (°
C)
Hours
Chapter 5. Results 2 – Cyclical Component Analysis and Modelling  
 117 
Figure 5.3 illustrates that the distribution of the cyclical component of the external air temperature in each day, presents a much higher irregularity during the day (from 8am till 10pm) than during the night (from 10pm till 8am). That could be attributed to the irregularities of the global solar irradiation as well as other external environmental factors (i.e. cloud cover, wind). This point becomes more relevant when the cyclical component of the internal air temperature of an example living room is analysed. The histograms in Figure 5.4, show the distribution of the time, at which the daily maximum and the daily minimum of the cyclical component of the external air temperature occurred respectively.  
 
Figure 5.4: Distribution of time of the day at which the daily maximum and minimum of the external 
air temperature occurred throughout the 62-day monitoring period from 1st July till 31st August 
2009 Figure 5.4 shows the distribution of the time of the day at which the daily maximum and daily minimum of the external air temperature occurred during the monitoring period. It can be observed that the spread of the time at which the daily minimum occurred is larger than that of the maximum.  In some days, the daily minimum external air temperature occurred at 11am in the morning and in others at 8pm in the evening but in most days (66% of the 62 monitoring days) it occurred between 3am and 6am. The daily maximum of the minimum external air temperature during most of the 62 monitoring days (95.2%) occurred between 1pm and 6pm. 
Chapter 5. Results 2 – Cyclical Component Analysis and Modelling  
 118 
5.3 Solar Irradiation Cyclical Component Analysis 
This section explores the measured cyclical component of the global solar irradiation over the 62-day monitoring period.  
 
Figure 5.5: Measured cyclical component of the global solar irradiation (𝑺𝑺𝒕𝒕) Figure 5.5 shows the hourly measured values of the global solar irradiation where it can be seen that the form of the global solar irradiation data is cyclical as the values during the night are very close to zero and that pattern is repeated every day, therefore the cyclical component of the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡) will be considered as the hourly measured data.  Consequently, 
𝑆𝑆𝑡𝑡 = 𝐶𝐶𝑠𝑠,𝑡𝑡                   [5.2] It can also be observed that during the middle of the monitoring period (the second half of July and at the first half of August 2009), there are days when the maximum global solar irradiation drops to very low values. This could possibly have an effect on the risk of overheating in homes, reducing the heat stress in living rooms and bedrooms. Table 5.3 summarises the main measures of dispersion of the cyclical component of the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡). 
Table 5.3: Summary statistics of measured cyclical component of global solar irradiation (𝑪𝑪𝒔𝒔,𝒕𝒕) 
 Mean Max Min St. Deviation Hourly (W/m2) 175 969 3 217 Daily Max (W/m2) 616 969 121 194  Table 5.3 shows that the values of the cyclical component of the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡) can range from almost zero (3 W/m2) during the night, to anything between 100 W/m2 (lowest daily 
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maximum was measured 121W/m2) to almost 1000W/m2 (highest daily maximum was measured 969 W/m2) during the day.  
 
Figure 5.6: Daily distribution of the hourly measured cyclical component of the global solar 
irradiation (𝑪𝑪𝒔𝒔,𝒕𝒕) over the monitoring period Figure 5.6 illustrates the daily distribution of the hourly measured global solar irradiation during the monitoring period. It can be observed that the values during the day (8am-7pm) present a substantial variance. The distribution of the global solar irradiation during a day can have a significant impact on increasing the risk of overheating in homes. The values observed in Figure 5.6 could also denote the fact that the summer of 2009 was a rather cool summer. 
 
Figure 5.7: Distribution of time of the day at which the daily maximum and minimum of the global 
solar irradiation occurred throughout the 62-day monitoring period from 1st July till 31st August 
2009 
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Figure 5.7 shows the distribution of the time of the day at which the daily maximum and daily minimum of the cyclical component of the global solar irradiation occurred during the monitoring period. It can be observed that the spread of the time at which the daily maximum occurred is slightly larger than that of the minimum.  In most days, the daily minimum of the cyclical component of the global solar irradiation occurred between 12am and 5am, while the daily maximum occurred mostly between 11am and 4pm. It also evident, that in general, the daily minimum and maximum of the global solar irradiation occur earlier than the daily minimum and maximum of the external air temperature (see Figure 5.4).  
5.4  Internal air temperature Cyclical Component Analysis – An 
example of one living room 
This section explores the measured cyclical component of the internal air temperature over the 62-day monitoring period. As in the case of the cyclical component of the external air temperature, this is calculated as the difference between the hourly measured internal air temperature and the hourly applied daily mean of the internal air temperature, which is formed by applying the daily mean as a single value, same for all hours throughout the 24-hour day (see Table 3.6). Figure 5.8 shows the hourly measured internal air temperature and the hourly applied daily mean of the internal air temperature. 
 
Figure 5.8: Hourly measured internal air temperature (𝜽𝜽𝒊𝒊𝒊𝒊,𝒕𝒕) and the daily mean of the internal air 
temperature applied hourly (𝜽𝜽�𝒊𝒊𝒊𝒊,𝒕𝒕) of a living room 
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By removing the hourly-applied daily mean from the hourly measured series, the cyclical component of the internal air temperature can be isolated and identified, hence: 
𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝜃𝜃𝑖𝑖𝑛𝑛,𝑡𝑡 − 𝜃𝜃�𝑖𝑖𝑛𝑛,𝑡𝑡                    [5.3] This represents the diurnal variation around the mean of the internal air temperature and is given in Figure 5.9.  
 
Figure 5.9: Measured cyclical component of the internal air temperature of a living room (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) Figure 5.9 shows the measured cyclical component (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) of the internal air temperature of a living room during the 62-day monitoring period from 1st July 2009 till 31st August 2009. It can be seen that the cyclical component varies significantly during this period. The highest values are recorded during the second half of August and overall values between -1°C to +2°C can be observed throughout the monitoring period. Table 5.4 summarises the main measures of dispersion of the cyclical component of the internal air temperature (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) of this example living room. 
Table 5.4: Summary statistics of measured cyclical component of internal air temperature (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) 
 Mean Max Min St. Deviation Hourly (ºC) 0.0 2.8 -1.3 0.6 Daily swing (ºC) 1.8 4.0 0.7 0.8  
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Table 5.4 shows the range of values of the hourly measured cyclical component of the internal temperature (+2.8°C to -1.3°C) but it also shows that the daily variation (daily maximum – daily minimum) of the cyclical component, has a mean value of 1.8°C but can range approximately between 0.7°C to 4°C. The full spread of the daily distribution of the hourly measured cyclical component can be seen in Figure 5.10. 
 
Figure 5.10: Daily distribution of the hourly measured cyclical component of the internal air 
temperature (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) of a living room Figure 5.10 shows the daily distribution of the hourly measured cyclical component of the internal air temperature (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡). It can be seen that the values during the night (from 10pm till 8am) can range between -1.3°C and +1.3°C approximately, while the values during the day (from 8am till 10pm) can range from -1.3°C to approximately +3°C. It is essential to note that during the night time the cyclical component of the internal air temperature follows a more consistent daily pattern than during the day. This could be attributed to the irregularities of the cyclical component of the external air temperature as well as the irregularities of the global solar irradiation and other factors such as the occupants’ behaviour. The histograms in Figure 5.11 show the distribution of the time, at which the daily maximum and the daily minimum of the cyclical component of the internal air temperature of a living room occurred respectively.  
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Figure 5.11: Distribution of time of the day at which the daily maximum and minimum of the 
internal air temperature of a living room occurred from 1st July till 31st August 2009 Figure 5.11 shows that the spread of the time at which the daily maximum occurred is wider than that of the daily minimum. The daily minimum of the internal air temperature in this living room, during most days, occurred between 5am and 7am. However, the daily maximum of the internal air temperature, some days occurred at 5pm while others at 11pm in the evening or at 1am in the night. This shift in the time occurrence of the daily maximum could have an impact on the measurement of the overheating risk, as the occupied hours for the living room do not include 11pm or 12am. It is important to note the significant shift from the times that the daily maximum and minimum of the external air temperature and global solar irradiation occurred (Figure 5.4 and Figure 5.7), possibly due to the thermal mass of the dwelling. 
5.5 Internal air temperature Cyclical Component Analysis – All living 
rooms and bedrooms 
The measured cyclical component of the internal air temperature is identified when removing the hourly applied daily mean values from the hourly measured series (see Table 3.6). 
Table 5.5: Summary statistics for the measured cyclical components of the internal air temperature 
(𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) for all living (N=210) rooms and bedrooms (N=201), both as hourly values and as daily swing 
(daily maximum – daily minimum) 
  Mean Max Min St Dev 
  Mean Max Min Mean Max Min Mean Max Min Mean Max Min Hourly (°C) Liv 0.0 0.0 0.0 2.2 7.8 0.0 -1.6 0.0 -4.7 0.5 1.7 0.0 Bed 0.0 0.0 0.0 2.1 9.1 0.0 -1.6 0.0 -4.2 0.5 1.5 0.0 Daily Swing (°C) Liv 1.8 4.7 0.7 3.8 9.7 1.4 0.7 2.1 0.1 0.6 1.7 0.3 Bed 1.7 4.5 0.7 3.9 10.4 1.5 0.6 1.5 0.1 0.7 1.8 0.3 
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Table 5.5 presents a summary of the measures of dispersion of the cyclical component of the internal air temperature for all living rooms and bedrooms. The table analyses both the hourly measured values and the values of the daily swing (i.e. the daily maximum-daily minimum). It can be observed that the bedrooms present higher absolute values in terms of the hourly maximum of the cyclical component and the maximum daily swing during the monitoring period. However, these are single values from single internal spaces. The living rooms present a slightly higher range of daily swing values overall but also the standard deviation from the mean of the daily swing is higher in the case of the bedrooms.  Figure 5.12 shows that the daily swing of the internal air temperature of the bedrooms during the first days of the monitoring period was higher than that of the living rooms. That could be a sign of the limited capacity of people to control the thermal conditions inside the rooms they sleep. 
 
 
Figure 5.12: Measured cyclical component of internal air temperature (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) for all 210 living rooms 
(top) and all 201 bedrooms (bottom)  
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5.6 Internal air temperature Cyclical Component Modelling – An 
example of one living room 
This section presents the development of a model that is able to predict the cyclical component of the internal air temperature (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) in a living room, based on the cyclical components of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡) and the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡), using a linear equation. Since the example living room is free-floating (meaning no mechanically assisted heating or cooling), it is expected that that the changes in the cyclical component of the internal air temperature are mainly driven by the changes in the cyclical components of the external temperature and the global solar irradiation. Therefore, the cyclical component of the internal air temperature is a function of the cyclical components of the external temperature and the global solar irradiation: 
𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑓𝑓�𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡  ,𝐶𝐶𝑠𝑠,𝑡𝑡�                                      [5.4] 
5.6.1 Model Development As discussed in the methodology section 3.5.3, the equation that is used to calculate the predicted cyclical component of the internal temperature (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) comprises five coefficients that are responsible for capturing the behaviour of the cyclical component of the internal temperature in relation to the cyclical components of the external air temperature and the global solar irradiation: 
𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝐴𝐴 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 + 𝐵𝐵 × 𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 − 𝛾𝛾            [5.5] Where 𝐴𝐴 is the amplitude of the cyclical component of the external air temperature, 𝜑𝜑𝑒𝑒 is the phase of the cyclical component of the external air temperature, 𝐵𝐵 is the amplitude of the cyclical component of the global solar irradiation, 𝜑𝜑𝑠𝑠 is the phase of the cyclical component of the global solar irradiation and 𝛾𝛾 is a constant.   The coefficients 𝐴𝐴 and 𝐵𝐵 are responsible for capturing the extent of the effect of the external air temperature and global solar irradiation respectively, on the cyclical component of the internal air temperature, in terms of the range of values of the model, as a result of factors such as the thermal mass of the dwelling, the orientation of the room, the use of blinds or other factors including the occupants’ actions. The phases 𝜑𝜑𝑒𝑒 and 𝜑𝜑𝑠𝑠 are responsible for capturing the delay of the effect the external air temperature and the global solar irradiation have on the cyclical component of the internal air temperature as a result of the thermal mass of the dwelling, the orientation of the room or other factors such as the occupants’ actions. 
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5.6.2 Fitting Cyclical Model Coefficients (𝑨𝑨, 𝑩𝑩, 𝜸𝜸, 𝝋𝝋𝒆𝒆, 𝝋𝝋𝒔𝒔) The coefficients of the model of the cyclical component of the internal air temperature were fitted using optimisation based on the lowest possible root mean square error (RMSE) between the measured (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) series. While the optimisation process was a single linear operation where all the coefficients were optimised to give the lowest RMSE, a parametric analysis of all the coefficients, presented in Figure 5.13 and Figure 5.14 below, shows the impact that changes of single coefficients have on the RMSE, by keeping the rest of the coefficients at their optimum values (the ones that give the lowest RMSE). 
 
Figure 5.13: RMSE values between the measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and the modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component 
of the internal air temperature for varying values of the phase of the cyclical components of the 
external air temperature (𝝋𝝋𝒆𝒆) (top) and the global solar irradiation (𝝋𝝋𝒔𝒔) (bottom)  Figure 5.13 shows the optimum values of the phase of the cyclical components of the external air temperature (𝜑𝜑𝑒𝑒) and the global solar irradiation (𝜑𝜑𝑠𝑠) for the lowest RMSE between the measured (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) cyclical component of the internal air temperature. It can be seen that the optimum value of 𝜑𝜑𝑒𝑒 is 2 hours while the one for 𝜑𝜑𝑠𝑠 is 6 hours regarding this living room. It can also be observed that a unit change in 𝜑𝜑𝑒𝑒 has a similar impact on RMSE to a unit change in 
𝜑𝜑𝑠𝑠.  
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Figure 5.14: RMSE values between the measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and the modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component 
of the internal air temperature for varying values of the coefficients of the cyclical components of 
the external air temperature (𝑨𝑨) (top) and the global solar irradiation (𝑩𝑩) (middle) and the constant 
(𝜸𝜸) Figure 5.14 shows the optimum values of the coefficients of the cyclical components of the external air temperature (𝐴𝐴) and the global solar irradiation (𝐵𝐵) and the constant (𝛾𝛾). In the case of 𝐴𝐴 and 𝐵𝐵 it can be observed that they follow a similar pattern but it has to be noted that the scale on the x-axis is different. The scale of coefficient 𝐵𝐵 is 1/100 of the scale of coefficient 𝐴𝐴, this is due to the nature of the hourly measured global solar irradiation series. Therefore, a change of 0.001 in 𝐵𝐵 would have a comparable impact on the RMSE to a change of 0.1 in 𝐴𝐴.  
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5.6.3 Model Testing & Residuals The model of the cyclical component of the internal air temperature for this living room has an RMSE = 0.36 °C and is given below.  
𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 = 0.113 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−2 + 0.00095 × 𝐶𝐶𝑠𝑠,𝑡𝑡−6 − 0.167 Table 5.6 shows a summary of the measures of dispersion of the modelled cyclical component of the internal air temperature for this living room, both in terms of the hourly values and daily swing (daily maximum-daily minimum).  
Table 5.6: Summary statistics of the measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled cyclical component of internal 
air temperature (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) 
 Mean Max Min St. Deviation 
 Measured Modelled Measured Modelled Measured Modelled Measured Modelled Hourly (ºC) 0.0 0.0 2.8 1.4 -1.3 -0.9 0.6 0.5 Daily swing (ºC) 1.8 1.4 4.0 2.2 0.7 0.3 0.8 0.4  It can be observed that although the mean values of the daily swing are close, the model fails to capture the full range of values of the measured data. This can also be seen in Figure 5.15 below. 
 
Figure 5.15: Measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component of internal air temperature of 
an example living room  Figure 5.15 presents the measured and the modelled cyclical component of the internal air temperature of this living room. It can be seen that during the start of July and towards the middle of August, the model fails to capture the hourly maximum values of the measured data and this can also be seen clearly in the plot of the residuals in Figure 5.16 below. 
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Figure 5.16: Residuals between measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component of internal 
air temperature of an example living room  
 
Figure 5.17: Distribution of residuals between measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical 
component of internal air temperature of an example living room  The mean of the residuals between the measured (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and modelled (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) cyclical component of internal air temperature of the example living room is zero, with a standard deviation of 0.4°C. The maximum is 2.1°C (11th August, 5pm) and it is in timely agreement with a considerable increase of the cyclical components of both the external air temperature and the global solar irradiation that occurred between the 10th and 11th August. The highest residuals mostly occur during periods when the hourly measured external air temperature increases by a significant proportion compared to the previous day. One could expect that this increase could be absorbed by the thermal mass of the dwelling; however, it could also be an indication of the inability of the dwelling’s envelope to regulate sudden and significant changes of the external weather conditions. Moreover, it could be due to the occupants’ and their inability to act in a timely fashion to prevent the rapid increase of the internal air temperature.   
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The approach to test the model against the measured data was based on the overheating criteria (CIBSE, 2006, 2013b). The modelled cyclical component of the internal air temperature  (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) is added to the hourly applied measured daily mean (?̅?𝜃𝑒𝑒𝑒𝑒,𝑡𝑡) of the internal air temperature and this new series (𝜃𝜃′𝐶𝐶,𝑡𝑡) (Figure 5.18) is compared to the hourly measured data (𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡)in terms of overheating during the monitoring period. 
 
Figure 5.18: Modelled cyclical component with measured hourly applied mean series (𝜽𝜽′𝑪𝑪,𝒕𝒕) and 
measured hourly internal air temperature (𝜽𝜽𝒊𝒊𝒊𝒊,𝒕𝒕) Figure 5.18 shows that overall the modelled cyclical component does capture the behaviour of the measured. It is important however to apply the overheating criteria to both series in order to evaluate how well the cyclical model performs in terms of predicting overheating. 
 
Figure 5.19: Frequency of occupied hours (8am-10pm) above a threshold temperature (18—28°C) 
for the measured hourly internal temperature and the series comprising the modelled cyclical 
component and the hourly-applied measured daily mean internal air temperature for an example 
living room 
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Figure 5.20: Frequency of occupied hours (8am-10pm) above a threshold temperature (24—28°C) 
for the measured hourly internal temperature and the series comprising the modelled cyclical 
component and the hourly-applied measured daily mean internal air temperature for an example 
living room Figure 5.20 and Figure 5.21 show that overall the measured and the modelled frequency of occupied hours (8am-10pm) above a threshold temperature, are in general agreement. Figure 5.21 below shows that the modelled cyclical component can successfully be used to predict overheating based on the CIBSE Guide A (2006) static criteria for living rooms, as for both the measured (𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled (𝜃𝜃′𝐶𝐶,𝑡𝑡) series the results give less than 5% of the occupied hours (8am-10pm) above 25°C and less than 1% of the occupied hours above 28°C. 
  
Figure 5.21: (LEFT) Frequency of occupied hours (8am-10pm) above a threshold temperature for 
the measured hourly internal temperature and the series comprising the modelled cyclical 
component and the hourly-applied measured daily mean internal air temperature for an example 
living room. (RIGHT) measured  vs modelled internal air temperature for the example living room 
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According to the CIBSE TM52 (CIBSE, 2013b) overheating criteria the measured data did not present any overheating and more specifically, this example living room did not fail any of the three individual criteria that the guide sets. The exact same result was calculated using the modelled (𝜃𝜃′𝐶𝐶,𝑡𝑡) series. Consequently, it is clear that the model of the cyclical component of the internal air temperature can be used to assess the risk of overheating in this living room for the period of this assumed occupancy. Section 5.8 of this chapter will present the results for all 210 living rooms in the dataset. 
5.7 Internal air temperature Cyclical Component Modelling – An 
example of one bedroom 
This section presents the model for predicting the cyclical component of the internal air temperature (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) in a bedroom, based on the cyclical components of the external air temperature (𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡) and the global solar irradiation (𝐶𝐶𝑠𝑠,𝑡𝑡), using a linear equation. As in the case of the example living room, since the example bedroom is free-floating (meaning no mechanically assisted heating or cooling), the cyclical component of the internal air temperature is a function of the cyclical components of the external temperature and the global solar irradiation as expressed in equation 5.4: 
𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑓𝑓�𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡  ,𝐶𝐶𝑠𝑠,𝑡𝑡�                      [5.4] 
5.7.1 Model Development The model developed for the cyclical component of the internal air temperature in the bedroom is in principle the same as the one developed for the living room, given by equation 5.5.  
𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝐴𝐴 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 + 𝐵𝐵 × 𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 − 𝛾𝛾            [5.5] Where 𝐴𝐴 is the amplitude of the cyclical component of the external air temperature, 𝜑𝜑𝑒𝑒 is the phase of the cyclical component of the external air temperature, 𝐵𝐵 is the amplitude of the cyclical component of the global solar irradiation, 𝜑𝜑𝑠𝑠 is the phase of the cyclical component of the global solar irradiation and 𝛾𝛾 is a constant.   
5.7.2 Fitting Cyclical Model Coefficients (𝑨𝑨, 𝑩𝑩, 𝜸𝜸, 𝝋𝝋𝒆𝒆, 𝝋𝝋𝒔𝒔) The coefficients of the model of the cyclical component of the internal air temperature were fitted using optimisation based on the lowest possible root mean square error (RMSE) between the measured (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) series.  
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As in the case of the example living room, Figure 5.22 and Figure 5.23 below, show the impact that changes of single coefficients have on the RMSE, by keeping the rest of the coefficients at their optimum values (giving the lowest RMSE). 
 
Figure 5.22: RMSE values between the measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and the modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component 
of the internal air temperature of a bedroom for varying values of the phase of the cyclical 
components of the external air temperature (𝝋𝝋𝒆𝒆) (top) and the global solar irradiation (𝝋𝝋𝒔𝒔) (bottom) Figure 5.22 shows the optimum values of the phase of the cyclical components of the external air temperature (𝜑𝜑𝑒𝑒) and the global solar irradiation (𝜑𝜑𝑠𝑠) for the lowest RMSE between the measured (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) cyclical component of the internal air temperature. It can be seen that the optimum value of 𝜑𝜑𝑒𝑒 for the bedroom is 1 hour while in the case of the living room it is 2 hours. This could be due to the fact that the main bedroom is possibly located on the upper floor and therefore more exposed to the external conditions than a ground floor living room. The optimum value of 𝜑𝜑𝑠𝑠 in the case of the bedroom is 6 hours, which is the same as for the living room, indicating that the orientation of both rooms is the same. 
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Figure 5.23: RMSE values between the measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and the modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component 
of the internal air temperature for varying values of the coefficients of the cyclical components of 
the external air temperature (𝑨𝑨) (top) and the global solar irradiation (𝑩𝑩) (middle) and the constant 
(𝜸𝜸) Figure 5.23 shows the optimum values of the coefficients of the cyclical components of the external air temperature (𝐴𝐴) and the global solar irradiation (𝐵𝐵) and the constant (𝛾𝛾). As in the case of the living rooms, the coefficients of 𝐴𝐴 and 𝐵𝐵 follow a similar pattern although the scale of coefficient 𝐵𝐵 is 1/100 of the scale of coefficient 𝐴𝐴, due to the nature of the hourly measured global solar irradiation series. Therefore, a change of 0.001 in 𝐵𝐵 would have a comparable impact on the RMSE to a change of 0.1 in 𝐴𝐴.  
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5.7.3 Model Testing & Residuals The model of the cyclical component of the internal air temperature for this bedroom has an RMSE = 0.4°C and is given below.  
𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 = 0.099 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡+1 + 0.0013 × 𝐶𝐶𝑠𝑠,𝑡𝑡+6 − 0.228 Table 5.7 shows a summary of the measures of dispersion of the modelled cyclical component of the internal air temperature for this bedroom, both in terms of the hourly values and daily swing (daily maximum-daily minimum).  
Table 5.7: Summary statistics of the measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled cyclical component of internal 
air temperature (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) 
 Mean Max Min St. Deviation 
 Measured Modelled Measured Modelled Measured Modelled Measured Modelled Hourly (ºC) 0.0 0.0 3.0 1.5 -2.6 -0.9 0.6 0.5 Daily swing (ºC) 1.9 1.4 5.3 2.3 0.3 0.3 1.0 0.5 
 
 
Figure 5.24: Measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component of internal air temperature of 
an example bedroom Table 5.7 shows that as in the case of the example living room, the model fails to capture the absolute maximum and minimum values of the measured data. Figure 5.24 presents the measured and the modelled cyclical component of the internal air temperature of this example bedroom. In contrast to the case of the example living room, here the model fails to capture the hourly maximum values of the measured data mainly during the first week of July. This can also be seen in the plot of the residuals in Figure 5.25 below, where the residuals present a greater variance at the start of July 2009. 
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Figure 5.25: Residuals between measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical component of internal 
air temperature of an example bedroom 
 
 
Figure 5.26: Distribution of residuals between measured (𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕) cyclical 
component of internal air temperature of an example living room The mean of the residuals between the measured (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and modelled (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) cyclical component of internal air temperature of the example bedroom is zero, with a standard deviation of 0.4°C. The highest residuals mostly occur during periods when the hourly measured external air temperature is above 26°C, with the maximum being 1.9°C on 3rd July, 12am. This again is a sign that the model cannot capture the absolute maximum values of the measured cyclical component of the internal air temperature. The approach to test the model against the measured data is based on the overheating criteria (CIBSE, 2006, 2013b). The modelled cyclical component of the internal air temperature (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) is added to the hourly applied measured daily mean (?̅?𝜃𝑒𝑒𝑒𝑒,𝑡𝑡) of the internal air temperature and this 
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new series (𝜃𝜃′𝐶𝐶,𝑡𝑡) (Figure 5.27) is compared to the hourly measured data (𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡) in terms of overheating during the monitoring period.  
 
Figure 5.27: Modelled cyclical component with measured hourly applied mean series (𝜽𝜽′𝑪𝑪,𝒕𝒕) and 
measured hourly internal air temperature (𝜽𝜽𝒊𝒊𝒊𝒊,𝒕𝒕) Figure 5.27 shows that overall the modelled cyclical component does capture the behaviour of the measured. It is important however to apply the overheating criteria to both series in order to evaluate how well the cyclical model performs in terms of predicting overheating. 
 
Figure 5.28: Frequency of occupied hours (11pm-7am) above a threshold temperature (18-28°C) for 
the measured hourly internal temperature and the series comprising the modelled cyclical 
component and the hourly-applied measured daily mean internal air temperature for an example 
bedroom Figure 5.28 and Figure 5.29 show that in the case of the bedroom the model performs worse than in the case of the living room, but this is mainly for the thresholds between20°C and 24°C, which are outside the overheating criteria. 
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Figure 5.29: Frequency of occupied hours (11pm-7am) above a threshold temperature (24-28°C) for 
the measured hourly internal temperature and the series comprising the modelled cyclical 
component and the hourly-applied measured daily mean internal air temperature for an example 
bedroom Figure 5.30 shows that the modelled cyclical component can successfully be used to predict overheating based on the CIBSE Guide A (2006) static criteria for bedrooms for the period of the assumed occupancy, as both the measured (𝜃𝜃𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled (𝜃𝜃′𝐶𝐶,𝑡𝑡) series results give less than 5% of the occupied hours above 24°C and more than 1% of the occupied hours above 26°C. 
 
Figure 5.30: (LEFT) Frequency of occupied hours (11pm-7am) above a threshold temperature (24-
28°C) for the measured hourly internal temperature and the series comprising the modelled cyclical 
component and the measured daily mean internal air temperature for an example bedroom. (RIGHT) 
measured  vs modelled internal air temperature for the example bedroom According to the CIBSE TM52 (CIBSE, 2013b) overheating criteria the measured data did not present any overheating and more specifically, this example bedroom did not fail any of the three individual criteria that the guide sets. The exact same result was calculated using the modelled (𝜃𝜃′𝐶𝐶,𝑡𝑡) series. Figure 5.30 also shows a strong relationship between the measured and the modelled series. Consequently, it is clear that the model of the cyclical component of the internal air temperature can be used to assess the risk of overheating in this bedroom for the period of the assumed occupancy.  
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5.8 Internal air temperature Cyclical Component Modelling – All living 
rooms and bedrooms 
This section presents the summary statistics of all the coefficients of the model,  𝐴𝐴, 𝐵𝐵, 𝛾𝛾, 𝜑𝜑𝑒𝑒 , 𝜑𝜑𝑠𝑠 , that have been calculated in order the give the lowest RMSE value between the measured cyclical component 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and the modelled 𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡  for each one of the 411 spaces (210 living rooms and 201 bedrooms). The distribution of all five coefficients and that of the resulting RMSE are also analysed and the impact of the dwelling characteristics on these is further examined. Finally, the residuals of the model are investigated and the outliers are presented. 
5.8.1 Fitting Cyclical Model Coefficients (𝑨𝑨, 𝑩𝑩, 𝜸𝜸, 𝝋𝝋𝒆𝒆, 𝝋𝝋𝒔𝒔) Table 5.8 presents a summary of statistics for all five coefficients of the cyclical model 𝐴𝐴, 𝐵𝐵, 𝛾𝛾, 𝜑𝜑𝑒𝑒 , 
𝜑𝜑𝑠𝑠 that give the lowest RMSE between 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and  𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 , across all living rooms and bedrooms. The R2 values between 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and 𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 have also been computed and presented in the table below. 
Table 5.8: Summary statistics for all five coefficients of the cyclical model  𝑨𝑨, 𝑩𝑩, 𝜸𝜸, 𝝋𝝋𝒆𝒆, 𝝋𝝋𝒔𝒔 that give the 
lowest RMSE between 𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕 and  𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕 , for all living rooms (N=210) and bedrooms (N=201) 
RMSE (°C) Mean Max Min  St Dev. 25th Perc 50th Perc 75th Perc Living rooms 0.39 0.89 0.17 0.13 0.29 0.37 0.46 Bedrooms 0.41 0.94 0.20 0.13 0.32 0.40 0.48 
R2        Living rooms  0.51 0.80 0.09 0.15 0.41 0.52 0.63 Bedrooms  0.45 0.84 0.02 0.17 0.34 0.47 0.58 
𝐴𝐴        Living rooms  0.119 0.441 0.025 0.061 0.077 0.111 0.151 Bedrooms  0.124 0.369 0.014 0.066 0.076 0.115 0.159 
𝐵𝐵        Living rooms  0.00081 0.00222 0.00010 0.00035 0.00059 0.00075 0.00099 Bedrooms  0.00086 0.00208 0.00015 0.00042 0.00053 0.00082 0.00115 
𝛾𝛾 (°C)        Living rooms  0.14 0.39 0.02 0.06 0.11 0.13 0.18 Bedrooms 0.15 0.37 0.03 0.07 0.09 0.15 0.20 
𝜑𝜑𝑒𝑒  (hr)        Living rooms 1.9 9 0 1.6 1 2 3 Bedrooms  2.2 12 0 1.9 1 2 3 
𝜑𝜑𝑠𝑠 (hr)        Living rooms  8.3 14 0 2.6 7 9 10 Bedrooms  9.8 14 0 2.9 8 10 12         The table shows that the mean value of the RMSE between 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and  𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 is less than 0.4°C. The 75th percentile value also means that 75% of all living rooms and bedrooms present an RMSE of 
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less than 0.5°C. It is also clear that the phases of both the cyclical component of the external air temperature (𝜑𝜑𝑒𝑒) and the cyclical component of the global solar irradiation (𝜑𝜑𝑠𝑠) are generally higher in the case of the bedrooms than the living rooms. This can be an indication of the fact that the effect of thermal mass in living rooms is reduced and therefore these spaces appear to have a quicker response to the external conditions. This is possibly due to the occupants’ interactions with windows, doors, blinds and other means, which is more likely to happen during the day than during the night in the bedrooms, when the occupants have limited capacity to control their thermal environment while sleeping but it could also be due to buoyancy driven heat from the lower floors to the upper floors where the bedrooms might be located. In terms of the coefficients of the cyclical component of the external air temperature  (𝐴𝐴) and the cyclical component of the global solar irradiation (𝐵𝐵), Table 5.8 shows that the mean values are higher for the bedrooms than the living rooms. This is probably compensated by also higher values of the constant (𝛾𝛾), which has a negative form in the mathematical equation of the model [5.4]. The values of R2 show that the cyclical model does not capture the hourly variation of the internal air temperature to its full extent for some spaces. This however is something that would be expected as the hourly variation of the internal air temperature is not entirely due to the external weather conditions, since the dwellings are occupied and the behaviour of the occupants would have had an impact on the formation of the thermal conditions in the living rooms as well as in the bedrooms and this is not possible to account for as it was not captured during the 4M survey. 
 
 
Figure 5.31: Distribution of RMSE values for all living rooms (red bars, N=210) and bedroom (blue 
bars, N=201) 
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Figure 5.31 presents the full distribution of the values of the RMSE values between the measured cyclical component 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and the modelled  𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 for all living rooms and bedrooms. It shows that the model for the cyclical component of the internal air temperature works better in the case of the living rooms than the bedrooms as more living rooms present lower RMSE.  
 
 
 
Figure 5.32: Distribution of  𝝋𝝋𝒆𝒆 (top), 𝝋𝝋𝒔𝒔 (bottom) for all living rooms (red bars, N=210) and 
bedroom (blue bars, N=201) Figure 5.32 shows the distribution of the values of the phases of the external air temperature cyclical component (𝜑𝜑𝑒𝑒) and the global solar irradiation cyclical component (𝜑𝜑𝑠𝑠). It is clear that the differences between living rooms and bedrooms are more pronounced in the case of the phase of the global solar irradiation cyclical component than the phase of the external air temperature cyclical component. Apart from possible differences in the orientation of the spaces, this could also be due to solar gains’ induced heat travelling from a ground floor living room to a higher floor bedroom due to buoyancy. 
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Figure 5.33: Distribution of 𝑨𝑨 (top), 𝑩𝑩 (middle), 𝜸𝜸 (bottom) for all living rooms (red bars, N=210) 
and bedroom (blue bars, N=201) 
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Figure 5.33 presents the distribution of the values of the cyclical model coefficients of the cyclical components of the external air temperature and the global solar irradiation as well as the distribution of the values of the model’s constant. It can be seen that the bedrooms present are more equally distributed range of values than the living rooms with the boundaries of the distribution however being approximately the same in living rooms and bedrooms. 
5.8.2 Impact of dwelling characteristics on fitting parameters (𝑨𝑨, 𝑩𝑩, 𝜸𝜸, 𝝋𝝋𝒆𝒆, 𝝋𝝋𝒔𝒔) This section presents an overview of the relationship between the calculated coefficients of the cyclical model 𝐴𝐴, 𝐵𝐵, 𝛾𝛾, 𝜑𝜑𝑒𝑒 , 𝜑𝜑𝑠𝑠 for all living rooms and bedrooms and the dwellings’ characteristics dwelling type, dwelling age and wall type. 
Table 5.9: Summary statistics of the 𝝋𝝋𝒆𝒆 and  𝝋𝝋𝒔𝒔 values for the lowest RMSE between 𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕 and  𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕 , 
for all living rooms (N=210), arranged according to different dwelling characteristics 
Living rooms 
(N=210) 
RMSE (°C) 𝜑𝜑𝑒𝑒 (hr) 𝜑𝜑𝑠𝑠 (hr) 
Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type     (N) Detached 18 0.40 0.07 0.21 0.78 1.8 0.6 0 4 7.8 1.2 0 11 Semi 92 0.39 0.03 0.17 0.86 1.7 0.3 0 6 8.6 0.5 0 13 End terrace 22 0.41 0.06 0.19 0.71 2.6 0.9 0 9 7.4 1.2 1 11 Mid terrace 52 0.39 0.04 0.20 0.89 1.9 0.4 0 6 8.6 0.7 0 14 Flat 26 0.36 0.06 0.20 0.79 2.4 0.8 0 8 8.0 1.4 1 13 
Dwelling Age       (N) Pre 1900 15 0.41 0.06 0.23 0.62 2.0 0.8 0 4 8.8 0.9 6 11 1900-1919 22 0.33 0.05 0.17 0.57 2.7 0.9 0 8 9.1 0.8 6 13 1920-1944 69 0.38 0.02 0.19 0.66 1.8 0.4 0 6 8.3 0.7 0 14 1945-1964 39 0.39 0.04 0.20 0.86 1.4 0.5 0 6 8.1 0.8 1 12 1965-1980 35 0.42 0.06 0.20 0.89 2.0 0.6 0 9 8.5 0.9 0 12 Post 1980 30 0.42 0.05 0.23 0.78 2.2 0.6 0 5 7.7 1.1 0 13 
Wall Type        (N) Solid 88 0.38 0.02 0.17 0.66 2.1 0.3 0 6 8.5 0.5 0 14 Cavity 54 0.41 0.04 0.20 0.89 2.0 0.5 0 9 8.2 0.7 1 13 Filled cavity 68 0.39 0.03 0.21 0.86 1.7 0.4 0 6 8.1 0.7 0 13   
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Table 5.10: Summary statistics of the optimum values of  𝑨𝑨, 𝑩𝑩 and 𝜸𝜸,  for the lowest RMSE between 
𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕 and  𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕 , for all living rooms (N=210), arranged according to different dwelling characteristics 
Living rooms 
(N=210) 
𝐴𝐴 𝐵𝐵 𝛾𝛾 (°C) 
Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type     (N) Detached 18 0.13 0.03 0.06 0.25 0.0010 0.0002 0.0004 0.0019 0.17 0.03 0.08 0.33 Semi 92 0.12 0.01 0.03 0.33 0.0008 0.0001 0.0002 0.0017 0.14 0.01 0.03 0.30 End terrace 22 0.14 0.03 0.03 0.28 0.0011 0.0002 0.0003 0.0022 0.19 0.04 0.06 0.39 Mid terrace 52 0.11 0.01 0.03 0.21 0.0008 0.0001 0.0001 0.0016 0.14 0.02 0.02 0.28 Flat 26 0.11 0.03 0.03 0.44 0.0007 0.0002 0.0002 0.0016 0.13 0.03 0.03 0.28 
Dwelling Age       (N) Pre 1900 15 0.11 0.03 0.05 0.20 0.0008 0.0002 0.0004 0.0013 0.15 0.03 0.07 0.23 1900-1919 22 0.10 0.02 0.03 0.21 0.0007 0.0001 0.0003 0.0012 0.12 0.02 0.05 0.21 1920-1944 69 0.11 0.01 0.03 0.33 0.0008 0.0001 0.0001 0.0017 0.13 0.01 0.02 0.30 1945-1964 39 0.13 0.02 0.03 0.31 0.0008 0.0001 0.0002 0.0015 0.14 0.02 0.03 0.27 1965-1980 35 0.13 0.03 0.04 0.44 0.0010 0.0002 0.0003 0.0022 0.17 0.03 0.05 0.39 Post 1980 30 0.12 0.02 0.03 0.25 0.0009 0.0001 0.0002 0.0019 0.15 0.02 0.03 0.33 
Wall Type        (N) Solid 88 0.11 0.01 0.03 0.21 0.0008 0.0001 0.0001 0.0014 0.13 0.01 0.02 0.25 Cavity 54 0.13 0.02 0.03 0.44 0.0009 0.0001 0.0002 0.0022 0.16 0.02 0.03 0.39 Filled cavity 68 0.13 0.02 0.03 0.33 0.0008 0.0001 0.0002 0.0019 0.15 0.02 0.03 0.33  Table 5.9 and Table 5.10 show the main measures of dispersion of all the coefficients of the cyclical model and the RMSE values between the modelled and the measured cyclical component of the internal air temperature for all living rooms. By observing the mean values together with the 95% confidence intervals within any of the 3 different categories (dwelling type, dwelling age, wall type) it can be seen that there are no significant differences in the variations. This means that in the case of the living rooms, the values of  𝐴𝐴, 𝐵𝐵, 𝛾𝛾, 𝜑𝜑𝑒𝑒 , 𝜑𝜑𝑠𝑠 are not significantly related to any of the dwellings’ characteristics presented in the tables.    
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The cyclical component of the internal temperature is responsible for capturing the more immediate effect that the external air temperature and global solar irradiation can have on the internal air temperature on an hourly scale inside a room. Therefore, other factors such as the orientation of the room, the location within a dwelling (floor) and the occupants’ behaviour, could be playing a more important role than the characteristics related to the construction of the dwellings which are more likely to be responsible for the longer term impacts (daily) that the thermal mass can have on the internal air temperature. Data for these factors however were not collected during the 4M survey, and therefore it is not possible to analyse such relationships. 
Table 5.11: Summary statistics of the optimum 𝝋𝝋𝒆𝒆 and  𝝋𝝋𝒔𝒔 values for the lowest RMSE between 𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕 
and  𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕 , for all bedrooms (N=201), arranged according to different dwelling characteristics 
Bedrooms 
(N=201) 
RMSE (°C) 𝜑𝜑𝑒𝑒 (hr) 𝜑𝜑𝑠𝑠 (hr) 
Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type     (N) Detached 21 0.47 0.07 0.20 0.94 2.6 0.7 0 5 9.1 1.6 2 14 Semi 88 0.43 0.03 0.20 0.69 2.1 0.4 0 12 9.7 0.6 0 14 End terrace 21 0.46 0.06 0.21 0.72 2.6 0.8 0 8 10.2 0.9 7 14 Mid terrace 50 0.38 0.03 0.22 0.75 1.9 0.4 0 5 9.6 0.9 0 14 Flat 21 0.32 0.05 0.20 0.56 2.4 1.4 0 12 10.9 1.0 6 14 
Dwelling Age       (N) Pre 1900 15 0.38 0.06 0.25 0.61 1.5 0.8 0 4 10.5 1.5 6 14 1900-1919 24 0.34 0.03 0.21 0.51 2.5 0.8 0 5 10.8 1.1 1 14 1920-1944 65 0.42 0.03 0.22 0.69 2.1 0.5 0 12 9.3 0.7 0 14 1945-1964 33 0.40 0.04 0.20 0.68 1.7 0.5 0 5 10.2 0.9 2 14 1965-1980 33 0.44 0.05 0.23 0.75 2.2 0.6 0 8 9.7 1.1 1 14 Post 1980 31 0.43 0.06 0.20 0.94 2.9 0.9 0 12 9.4 1.1 1 14 
Wall Type        (N) Solid 87 0.40 0.02 0.21 0.75 2.2 0.5 0 12 9.9 0.6 0 14 Cavity 47 0.44 0.04 0.20 0.94 2.0 0.4 0 5 9.3 0.9 0 14 Filled cavity 67 0.41 0.03 0.20 0.67 2.3 0.4 0 8 10.0 0.7 1 14    
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Table 5.12: Summary statistics of the optimum values of  𝑨𝑨, 𝑩𝑩 and 𝜸𝜸,  for the lowest RMSE between 
𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕 and  𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕 , for all bedrooms (N=201), arranged according to different dwelling characteristics 
Bedrooms 
(N=201) 
𝐴𝐴 𝐵𝐵 𝛾𝛾 (°C) 
Mean ±95% CI Min Max Mean ±95% CI Min Max Mean ±95% CI Min Max 
Dwelling Type     (N) Detached 21 0.14 0.02 0.04 0.22 0.0010 0.0002 0.0004 0.0017 0.18 0.03 0.07 0.30 Semi 88 0.13 0.01 0.04 0.33 0.0009 0.0001 0.0002 0.0019 0.16 0.01 0.03 0.34 End terrace 21 0.15 0.05 0.02 0.37 0.0011 0.0002 0.0003 0.0021 0.19 0.04 0.06 0.37 Mid terrace 50 0.11 0.02 0.03 0.28 0.0007 0.0001 0.0002 0.0016 0.13 0.02 0.03 0.28 Flat 21 0.08 0.03 0.01 0.22 0.0006 0.0002 0.0002 0.0014 0.10 0.03 0.03 0.26 
Dwelling Age       (N) Pre 1900 15 0.10 0.02 0.03 0.21 0.0008 0.0002 0.0004 0.0016 0.14 0.03 0.06 0.27 1900-1919 24 0.09 0.02 0.03 0.18 0.0007 0.0001 0.0002 0.0012 0.12 0.02 0.04 0.21 1920-1944 65 0.13 0.01 0.04 0.33 0.0009 0.0001 0.0002 0.0019 0.15 0.02 0.03 0.34 1945-1964 33 0.12 0.02 0.02 0.33 0.0009 0.0002 0.0002 0.0017 0.16 0.03 0.03 0.30 1965-1980 33 0.15 0.03 0.02 0.33 0.0010 0.0002 0.0002 0.0021 0.17 0.03 0.04 0.37 Post 1980 31 0.11 0.03 0.01 0.37 0.0009 0.0002 0.0002 0.0019 0.15 0.03 0.03 0.34 
Wall Type        (N) Solid 87 0.12 0.01 0.03 0.28 0.0008 0.0001 0.0002 0.0017 0.14 0.01 0.03 0.30 Cavity 47 0.15 0.03 0.02 0.37 0.0010 0.0001 0.0002 0.0021 0.17 0.03 0.04 0.37 Filled cavity 67 0.11 0.01 0.01 0.25 0.0009 0.0001 0.0002 0.0018 0.15 0.02 0.03 0.32  Table 5.11 and Table 5.12 show the main measures of dispersion of all the coefficients of the cyclical model and the RMSE values between the modelled and the measured cyclical component of the internal air temperature for all bedrooms. In contrast to the case of the living rooms, here it can be observed that the bedrooms in flats present distinct differences in the values of the RMSE to the rest of the dwelling types, meaning that the models developed in the case of the flats perform better than those developed for any other dwelling type. In terms of the model coefficients, the differences are not as significant, indicating that the variation in any of the coefficients is not related to the dwelling type, dwelling age or wall type of the dwellings. As mentioned before, other factors, such as the orientation of the rooms or their relative location in the dwellings, might be able to explain this variation; however, they were not measured during the 4M survey. 
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5.8.3 Model Testing & Residuals The modelled cyclical component in all living rooms and bedrooms is show in Figure 5.34 below. The form of the model is such that the representation of all the modelled cyclical components in the dataset in a single graph does not allow the illustration of the full extent of the variation as in the trend (Figure 4.21). 
 
 
Figure 5.34: Modelled Cyclical component of all living rooms (top) (N=210) and all bedrooms 
(bottom) (N=201) Figure 5.34 shows that overall the spread of the values of the model of the cyclical component is larger for the living rooms than the bedrooms. The residuals of the modelled cyclical component are show in Figure 5.35 below. It can be observed that the model captures the maximum values of the cyclical component in more bedroom cases in living room.   
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Figure 5.35: Residuals of modelled Cyclical component for all living rooms (top) (N=210) and all 
bedrooms (bottom) (N=201) From Figure 5.35 it can be observed that the mean of the residuals for both living rooms and bedrooms is around zero and also that the variance is generally constant. It can therefore be deduced that the model captures the variation in the cyclical component of the internal air temperature. Moreover, calculating the standard deviation from the mean of the residuals will show the average range of values of the residuals for every room throughout the 62-day monitoring period. Figure 5.36 shows the distribution the standard deviation and the maximum and minimum values of the residuals of the modelled trend for all 210 living rooms and 201 bedrooms.  
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Figure 5.36: Distribution of Residuals of modelled Cyclical component, maximum (top), minimum 
(middle) and standard deviation from the mean (bottom), for all living rooms (red bars, N=210) and 
all bedrooms (blue bars, N=201) 
Chapter 5. Results 2 – Cyclical Component Analysis and Modelling  
 150 
Overall it can be seen that the model for the cyclical component of the internal air temperature does not perform better in the case of the living rooms than the bedrooms, as it was the case for the model of the trend. There are no clear differences in the distribution of the standard deviation from the mean of the residuals between living rooms and bedrooms and the same observation is made regarding the maximum values of the residuals. 
5.8.4 Cyclical Component Model Outliers The model for the cyclical component is based on the metric of the RMSE and this does not allow for a certain threshold to be specified based on literature, in order to identify the outliers of the cyclical component model, as it has been in the case of the trend (R2 < 0.7). 
5.9 Summary 
This chapter presented the analysis and modelling of the cyclical component of the internal air temperature. The cyclical component is responsible for capturing the diurnal, hour to hour, variation in the internal air temperature data, and therefore the more immediate effect the external weather conditions have on the internal air temperatures. The model was formed in order to express the cyclical component of the internal air temperature as a function of the external air temperature and the global solar irradiation. The coefficients A and B were introduced in order to capture the amplitude of the impact of the external air temperature and the global solar irradiation on the internal air temperature. Another two coefficients, 𝜑𝜑𝑒𝑒 and 𝜑𝜑𝑠𝑠 , were introduced to capture the hourly delay in the impact of the external air temperature and global solar irradiation to the internal air temperatures, respectively. The results showed that the impact of the external air temperature on the cyclical component of the internal air temperature is greater than that of the global solar irradiation. Furthermore, this impact presents a greater delayed in the case of the bedrooms than the living rooms. Finally, it was found that the impact of the global solar irradiation on the internal air temperature of the living rooms and bedrooms, was far more delayed than that of the external air temperature.   
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Chapter 6. Results 3 – ITCC Model Evaluation 
and Validation  
6.1 Introduction 
The aim of this chapter is to develop a statistical model that is able to predict the internal air temperature in the 411 living rooms and bedrooms of the dataset by combining the previously developed models for the trend and the cyclical component. The model is based on the hourly measured external air temperature and the hourly measured global solar irradiation, recorded between 1st July and 31st August 2009, in Leicester, UK. Section 6.2 presents the evaluation of the ITCC (Internal Trend and Cyclical Component) model, which uses all of the 62-day measured data to calculate its parameters, for the case of one living room, by comparing the measured against the modelled internal air temperatures, in terms of statistical measures of dispersion and also in terms of four different overheating criteria (CIBSE static, CIBSE TM52, BSEN 15251 Adaptive, ASHRAE Standard 55). Section 6.3 presents the evaluation of the ITCC model for all living rooms and all bedrooms, by comparing the measured against the modelled internal air temperatures. It also presents the results of an overheating analysis for both measured and modelled internal air temperatures by using 4 different overheating criteria, for all living rooms and all bedrooms. Section 6.4 presents the non-exhaustive validation of the ITCC model, which is a single test using the first half of the monitoring period to develop the model, (train period) and calculate all the parameters and the second half of the monitoring period (test period) to predict the internal air temperatures, and compare the measured data against the prediction, for one example living room.  Section 6.5 presents the non-exhaustive validation approach of the ITCC model for all living rooms and bedrooms. Section 6.6 presents the exhaustive weekly validation approach of the ITCC model, a validation test that uses combinations of train weeks in July and test weeks in August, for all living rooms and bedrooms. The monitoring period is divided in weekly train and test periods and the combinations between them allow an exhaustive assessment of the ITCC model in weekly intervals. Section 6.7 presents a summary of this chapter. 
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6.2 62-Day Fit – Development of ITCC Model – Evaluation for one 
Living room 
This section presents the evaluation of the Internal Trend and Cyclical Components (ITCC) model using all of the 62-day measured data for one example living room. Chapters 4 and 5 presented the decomposition of the measured internal air temperature time series data into the trend and cyclical components, and further progressed with the modelling of the individual components. Figure 6.1 shows the decomposition of the measured data.  
 
Figure 6.1: Decomposition of measured internal air temperature time series data (top) to the 
measured trend (middle) and the cyclical (bottom) components of a living room 
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Figure 6.2 shows the decomposition of the measured internal air temperature data to the modelled component of trend and the modelled cyclical component and the remaining residuals. 
 
Figure 6.2: Decomposition of measured internal air temperature time series data to the modelled 
trend and the cyclical components, and the remaining residuals of a living room 
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Figure 6.2 shows the complete decomposition of the measured internal air temperature time series data in practise. A comparison with Figure 3.17, illustrates the evaluation of the theoretical application of the concept of decomposition of time series data. The final ITCC model is constructed by joining together the models developed for predicting the trend and the cyclical component of the internal air temperature, as described in chapters 4 and 5. The general mathematical equation that expresses the model therefore is the following: 
𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑡𝑡 + 𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡           [6.1] By substituting equations [4.1], [4.2] and [4.6] from chapter 4 and equation [5.5] from chapter 5, to [6.1], the hourly modelled internal air temperature, 𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 is given by equation [6.2] below: 
𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 = 𝑖𝑖 + 𝑔𝑔 × �(1 − 𝛼𝛼) × �𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 + 𝛼𝛼 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 + ⋯+ 𝛼𝛼𝑒𝑒 𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒��  + 𝐴𝐴 × 𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 + 𝐵𝐵 × 𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 − 𝛾𝛾  Where: 
𝜃𝜃′𝑖𝑖𝑖𝑖,𝑡𝑡 hourly modelled internal air temperature, in °C 
𝑖𝑖 y-axis intercept of the line of best fit for the correlation between the daily mean internal air temperature and the exponentially weighted moving average of the daily means of the external air temperature 
𝑔𝑔 gradient of the line of best fit for the correlation between the daily mean internal air temperature and the exponentially weighted moving average of the daily means of the external air temperature 
𝛼𝛼 constant between 0 and 1 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑 daily mean of the external air temperature of current day, in °C 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−1 daily mean of the external air temperature of the previous day, in °C 
𝑚𝑚 number of past days used in the formula for the exponentially weighted moving average of the daily mean of the external air temperature, in days 
𝜃𝜃𝑒𝑒𝑒𝑒,𝑑𝑑−𝑒𝑒 daily mean of the external air temperature of the  𝑚𝑚𝑡𝑡ℎ past day, in °C 
𝐴𝐴 numerical coefficient of the cyclical component of the external air temperature 
𝐶𝐶𝑒𝑒𝑒𝑒,𝑡𝑡−𝜑𝜑𝑒𝑒 cyclical component of the external air temperature, in °C 
𝜑𝜑𝑒𝑒 phase of the cyclical component of the external air temperature, in hours 
𝐵𝐵 numerical coefficient of the cyclical component of the global solar irradiation 
𝐶𝐶𝑠𝑠,𝑡𝑡−𝜑𝜑𝑠𝑠 cyclical component of the global solar irradiation, in °C 
𝜑𝜑𝑠𝑠 phase of the cyclical component of the global solar irradiation, in hours 
𝛾𝛾 constant, in °C 
[6.2] 
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6.2.1 Measured vs. Modelled Temperature Comparison and Residuals Using the ITCC model, one can predict the internal air temperature based on the external air temperature and the global solar irradiation. Figure 6.3 presents the measured and modelled hourly internal temperature of the example living room. 
 
Figure 6.3: Measured (𝜽𝜽𝒊𝒊𝒊𝒊,𝒕𝒕) and modelled (𝜽𝜽′𝒊𝒊𝒊𝒊,𝒕𝒕) hourly internal air temperature of one example 
living room, using the ITCC model The modelled internal air temperature has been calculated by using external air temperature data that originate from 15th June 2009, since the optimum 𝑚𝑚 value (that gives the best correlation between the measured daily mean of the internal air temperature and the exponentially weighted moving average of the daily mean of the external air temperature) for this living room was found to be equal to 15 and therefore the 15 days prior to the 1st July 2009 needed to be fed into the model. It can be observed that overall the modelled series in Figure 6.3 follows the measured series closely. There are however occasions where there is a difference between the daily maximum of the modelled and the measured internal air temperature, especially during the middle of August 2009. 
Table 6.1: Summary statistics of measures of dispersion for both hourly measured and hourly 
modelled internal air temperatures of an example living room, in °C. (1 July 2009 – 31 August 2009)  Mean 
Temperature (°C) Maximum Temperature (°C) Minimum Temperature (°C) St. Dev. Temperature (°C) Hourly Measured Temp. 20.8 27.3 18.1 1.6 Hourly Modelled Temp. 20.8 26.7 18.1 1.5  
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Table 6.1 shows that there is no noticeable difference in the overall mean internal air temperature between the measured and the modelled series with small differences between the minimum values and also between the standard deviation of the two series. There is however a difference of 0.62°C between the hourly maximum values of the two series. These have been recorded during the first 2 days of the data set and when observing Figure 6.3 it is clear that there are larger differences between the daily values of the maximum internal air temperature between the measured and the modelled series. Therefore another way of capturing these larger differences is looking at the daily swing of the internal air temperature, which is the difference between the daily maximum and the daily minimum of the series for each day, presented in Table 6.2 below. 
Table 6.2: Summary statistics of measures of dispersion of the daily swing for both hourly measured 
and hourly modelled internal air temperatures of an example living room, using the ITCC model 
in °C.  Mean 
Temperature 
(°C) Maximum Temperature (°C) Minimum Temperature (°C) St. Dev. Temperature (°C) Daily Swing of Measured Temp. 1.8 4.0 0.7 0.8 Daily Swing of Modelled Temp. 1.4 2.2 0.3 0.4  Table 6.2 shows that although there is no difference in the overall mean of the hourly values between the measured and the modelled series (Table 6.1), there is a difference in the mean of the daily swing of about 0.4°C, with an overall maximum of around 1.8°C and this is visible in Figure 6.3 mainly during the middle of August. The model therefore, in the case of this living room, under-predicts the swing in the daily variation of the internal air temperature, particularly during the middle of August 2009 and this can be observed in the residuals, given in Figure 6.4 below. 
 
Figure 6.4: Residuals of the ITCC Model for an example living room 
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Figure 6.4 shows the hourly distribution of the residuals of the ITCC model for an example living room. It is clear that the highest positive residuals occur during the middle of August, but this is not when the highest external air temperature was recorded. It is however a period during which the external air temperature presented higher daily maximum values than the average daily maximum of the 62-day monitoring period. 
Table 6.3: Summary statistics of measures of dispersion of the hourly values and the daily swing of 
the residuals between the hourly measured and hourly modelled internal air temperatures of an 
example living room, in °C.  Mean 
Temperature (°C) Maximum Temperature (°C) Minimum Temperature (°C) St. Dev. Temperature (°C) Hourly Residuals 0.0 2.1 -1.7 0.5 Daily Swing of Residuals 1.3 2.9 0.6 0.4  Table 6.3 presents the statistics of both the hourly values and daily swing of the residuals. It can be observed that the highest value of the residuals between the measured and modelled internal air temperatures is 2.10°C. This is the maximum difference between the measured and the modelled data at 5pm on 11th August 2009. However, the difference between the daily maximum of the measured data and the daily maximum of the modelled data on that day was 1.38°C.  
 
Figure 6.5: Residuals of daily maximum values between measured and modelled data, for one 
example living room Figure 6.5 shows the differences between the daily maximum of the measured data and the daily maximum of the modelled data. The mean value is 0.4°C, with the maximum 1.4°C occurring in two different days in August. In addition, August (0.5°C) presents a higher mean than July (0.2°C). 
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In the context of overheating the negative values of the residuals are not the main interest and therefore are not investigated further on this occasion. 
6.2.2 Measured vs. Modelled Overheating Criteria The measured and modelled internal air temperatures for the example living room are also compared in terms of 4 different overheating criteria. These have been outlined in Section 2.2 and namely are the CIBSE Static criteria as outlined in Guide A (CIBSE, 2006), the CIBSE TM52 (CIBSE, 2013b), the BS EN 15251 Adaptive (BSI, 2007) and ASHRAE Standard 55 (ANSI/ASHRAE, 2010). 
Table 6.4: Comparison of measured and modelled internal air temperatures of an example living 
room, in terms of 4 different overheating criteria, using the ITCC model 
Overheating Criteria Measured Modelled CIBSE Static   % >25C 2.4 3.1 % >28C 0 0 Overheating No No CIBSE TM52   Criterion 1 (%) 0 0 Criterion 2 (K) 0 0 Criterion 3 (K) 0 0 Overheating No No BSEN15251   Category I (%) 0.2 0 Category II (%) 0 0 Category III (%) 0 0 Overheating No No ASHRAE 55    (%) 0.7 0.5 Overheating No No  Table 6.4 shows the calculated values for all 4 overheating criteria, as well as the final outcome of each criterion, for both the measured and the modelled internal air temperature for the example living room, using the ITCC model. It is clear that taking any of the overheating criteria the model predicts the level of overheating with great accuracy. It is unfortunate that this living room does not present any overheating in the measured data, therefore another way of assessing the 
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performance of the model is considering the total amount of hours above a threshold temperature, as plotted in Figure 6.6. 
 
 
Figure 6.6: Number of hours when internal air temperature is above threshold temperatures (top 
graph shows thresholds between 20-30°C, bottom graph shows thresholds between 25-28°C), for 
one example living room Figure 6.6 shows a very high level of agreement between the measured and the modelled data when considering the total amount of hours above a certain temperature threshold. The bottom graph applies an increased focus on the threshold values that relate to some of the overheating criteria. It is clear that the differences between the measured and the modelled data are very small (5 hours for temperatures above 25°C and 0 hours for temperatures above 28°C). 
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6.3 62-day Fit – Development of ITCC Model – Evaluation for all living 
rooms and bedrooms 
Equation [6.2] outlines the complete model, for which a number of parameters have been calculated in chapters 4 and 5. Using these and combining the results from chapters 5 and 6, the modelled internal air temperatures are derived for all 411 spaces. These are graphically represented in figures in Appendix B. Table 6.5 presents the R2 and RMSE values between the measured internal air temperature and the modelled internal air temperature, using the 62-day fit of the ITCC model for all living rooms and bedrooms. 
Table 6.5: Summary statistics for the R2 and RMSE between the measured internal air temperature 
and the modelled internal air temperature, using the 62-day fit of the ITCC model, for all living 
rooms (N=210) and all bedrooms (201) 
R2 Mean Max Min  St Dev. 25th Perc 50th Perc 75th Perc Living rooms  0.83 0.95 0.37 0.09 0.79 0.86 0.90 Bedrooms  0.84 0.95 0.29 0.09 0.81 0.87 0.90 
RMSE (°C) Mean Max Min  St Dev. 25th  50th  75th  Living rooms  0.58 1.6 0.27 0.18 0.46 0.55 0.65 Bedrooms  0.65 1.46 0.33 0.18 0.53 0.63 0.77         The values of R2 in Table 6.5 show that the fit of the ITCC model in the case of the bedrooms is marginally better than that in the case of the living rooms. The values of the RMSE show that in general the error of the ITCC model in the case of the bedrooms is higher than in the living rooms. In both cases however, the results show that the fitted values of the ITCC model explain about 80% of the variation in the measured internal temperature data. This an encouraging result but at the same time it does not provide any insight into how well the model performs in terms of predicting the risk of overheating in the 411 internal spaces of the dataset. 
It also still remains to assess the performance of the model using data that were not used in the calculation of the parameters of the model. This will be the subject of following sections of this chapter.  
Figure 6.7 and Figure 6.8 below present the R2 and RMSE values between the measured internal air temperature and the modelled internal air temperature, using the 62-day fit of the ITCC model. 
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Figure 6.7: Distribution of R2 values of the 62-day fit ITCC model between the measured and the 
modelled data for all living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) 
 
  
Figure 6.8: Distribution of RMSE values of the 62-day fit ITCC model between the measured and the 
modelled data for all living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) 
 The distribution of the R2 and RMSE values shows that the ITCC model is a good fit to the measured internal air temperature data of this study overall. The differences of the distributions between living rooms and bedrooms are marginal and they show that the ITCC model can be applied with equal confidence to living rooms as well as bedrooms in UK homes. 
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6.3.1 Measured vs. Modelled Temperature Comparison and Residuals Table 6.6 shows the summary statistics for both the hourly measured and hourly modelled internal air temperatures, using the ITCC model, of all living rooms (N=210) and all bedrooms (N=201). Due to the large amount of data, the table shows an increased level of detail. For example, the column of the mean of the hourly temperature shows the average value of all the 62-days mean internal air temperatures in living rooms (and bedrooms) but also the maximum and minimum values of those averages. The same is repeated for the other columns. 
Table 6.6: Summary statistics of measures of dispersion for both hourly measured and hourly 
modelled internal air temperatures, using the ITCC model of living rooms (N=210) and bedrooms 
(N=201)  Mean of hourly 
temperature (°C) Max of hourly temperature (°C) Min of hourly temperature (°C) St. Dev. of hourly temperature (°C)  Mean Max Min Mean Max Min Mean Max Min Mean Max Min 
Living rooms (N=210) Measured 22.2 25.2 19.1 27.9 32.6 23.7 19.3 23.0 14.8 1.5 2.3 0.9 Modelled 22.2 25.2 19.1 27.5 32.9 23.5 19.8 23.5 15.7 1.4 2.1 0.7 
Bedrooms (N=201) Measured 22.4 25.1 18.8 29.1 35.0 23.7 19.0 22.5 14.1 1.7 2.7 0.9 Modelled 22.4 25.4 18.8 28.5 32.8 23.3 19.7 23.7 15.4 1.6 2.6 0.6  The results in Table 6.6 are a general synopsis of the comparison between the measured and the modelled internal air temperatures across all spaces. It is shown that overall, for both living rooms and bedrooms, the measures of dispersion (mean, maximum, minimum) of the mean internal air temperature, across the dataset, are captured with great accuracy by the model. The discrepancies tend to increase when considering the measures of dispersion for the maximum, the minimum and the standard deviation of the internal air temperatures. In more detail the maximum internal air temperature measured was recorded in a bedroom (35.0°C) however the maximum internal air temperature modelled was at 2.2°C lower (it happens to be the same bedroom, 32.8°C). This however is an overview of the general performance of the model. Table 6.7 shows a similar set of results but these are focused on the differences between the measured and modelled internal air temperatures within individual spaces. Table 6.7 is again formed as Table 6.6, with an increased level of detail, showing the mean, maximum and minimum values of the overall mean, maximum and minimum across the dataset.  
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Table 6.7: Summary statistics of the differences between hourly measured and hourly modelled 
internal air temperatures, using the ITCC  model in each of the living rooms (N=210) and bedrooms 
(N=201)  Mean of hourly 
temperature (°C) Max of hourly temperature (°C) Min of hourly temperature (°C) St. Dev. of hourly temperature (°C)  Mean Max Min Mean Max Min Mean Max Min Mean Max Min 
Living rooms 0.0 0.0 -1.3 0.5 4.4 -0.9 -0.5 0.3 -2.5 0.1 0.7 0.0 
Bedrooms 0.0 0.0 -1.2 0.6 4.74 -1.2 -0.6 0.3 -4.6 0.1 0.6 0.0  Table 6.7 shows that the maximum difference between the maximum measured and the maximum modelled internal temperature throughout the 62-day monitoring period, in a living room, is 4.4°C. It also shows that the mean of the maximum difference between the maximum measured and the maximum modelled internal temperature throughout the 62-day monitoring period, in a living room, is 0.46°C. Overall there are no differences in the maximum value of the mean internal air temperatures across the 411 spaces between the measured and the modelled internal air temperatures.  However, to assess how well the model performs, the analysis of the residuals between the measured and the modelled internal air temperatures, is also of great importance. These are presented in Table 6.8 below. 
Table 6.8: Summary statistics of measures of dispersion for the residuals between the hourly 
measured and hourly modelled internal air temperatures of living rooms (N=210) and bedrooms 
(N=201)  Mean of hourly 
residuals (°C) Max of hourly residuals (°C) Min of hourly residuals (°C) St. Dev. of hourly residuals (°C)  Mean Max Min Mean Max Min Mean Max Min Mean Max Min Living rooms 0.0 0.0 -1.3 2.4 8.1 0.8 -1.9 -0.9 -3.8 0.6 1.6 0.3 Bedrooms 0.0 0.0 -1.2 2.3 9.2 1.1 -2.2 -1.0 -4.8 0.6 1.5 0.3  Table 6.8 shows that the ITCC model, overall fails to capture the maximum values of the internal air temperatures. The maximum of the residuals in a living room, when using the ITCC model, is 8.1°C and 9.2°C in a bedroom. The mean of the maximum value of the residuals across the dataset is 2.4°C. This is a result that could have an impact on the prediction of overheating in the living rooms and bedrooms of the dataset. Therefore, it is important to analyse the results of the hourly modelled internal air temperature in terms of a number of different overheating criteria. 
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6.3.2 Measured vs. Modelled Overheating Criteria  This section presents an overheating analysis of the measured and the modelled internal air temperatures using 4 different overheating criteria; the CIBSE Static criteria as outlined in Guide A (CIBSE, 2006), the CIBSE TM52 (CIBSE, 2013b), the BS EN 15251 adaptive (BSI, 2007) and ASHRAE Standard 55 (ANSI/ASHRAE, 2010). The results are displayed numerically, in terms of the amount of spaces where the measured internal temperatures indicate overheating, the amount of spaces where the modelled internal air temperatures in spaces indicate overheating and the amount of spaces where the measured internal air temperatures indicate overheating but the modelled results do not (or the opposite). 
Table 6.9: Results of the overheating risk for the spaces where the measured internal temperatures 
indicate overheating, the spaces where the modelled internal air temperatures indicate overheating 
and the spaces where the measured internal air temperatures indicate overheating but the 
modelled results do not (or the opposite), for all living rooms (N=210) and bedrooms (N=201) 
during 1st July – 31st August, using 4 different overheating criteria 
Overheating Criteria Measured Modelled Discrepancy 
CIBSE STATIC 
Living rooms    5% >25°C 121 136 21 1% >28°C 58 44 24 
Bedrooms    5% >24°C 185 184 5 1% >26°C 179 176 9 
CIBSE TM52 Living rooms 1 1 0 Bedrooms 15 9 6 
BSEN 15251 Living rooms    
CAT I 10 11 3 
CAT II 1 0 1 
CAT III 0 0 0 Bedrooms    
CAT I 30 24 16 
CAT II 5 9 4 
CAT III 0 1 1 
ASHRAE 55 Upper Limit Living rooms 39 36 15 Bedrooms 79 70 21 
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Table 6.9 shows that according to the CIBSE static criteria, the ITCC model incorrectly predicted overheating in 21 of the 210 living rooms (predicted in rooms where it was not measured and also failed to predict in rooms that it was measured) when using the 5%>25°C margin and 24 when using the 1%>28°C one. It is therefore fair to say that the ITCC model predicts overheating accurately in about 90% of the living rooms and 95% of the bedrooms, when using the CIBSE static overheating criteria. According to the latest CIBSE TM52 overheating criteria, the ITCC model predicts accurately the risk overheating in the one living room that, according to these criteria, overheating occurred and therefore does not over-predict overheating across all living rooms. In the case of the bedrooms, the model failed to predict the risk of overheating in only 6 of the 201, giving a rate of accuracy, of 97%. When considering the BSEN 15251 overheating criteria, depending on the category, the model predicts overheating successfully in over 90% of the spaces (over 98% in most categories and spaces, over 92% in category I in the case of the bedrooms). When using the ASHRAE Standard 55 upper limit as the overheating criteria, the ITCC model again predicts the occurrence of overheating successfully in over 88% of the spaces (over 92% and over 88% in living rooms and bedroom respectively).  A very interesting fact observed in Table 6.9 is the difference in the amount of spaces where overheating was measured when considering the CIBSE Static criteria against all the rest, but particularly the latest CIBSE overheating criteria outlined in the TM52 document. From 121 living rooms falling in the 5%>25°C boundary and 185 bedrooms falling in the 5%>24°C boundary in the CIBSE Static criteria to only 1 living room and 15 bedrooms classified as overheated according to the CIBSE TM52 criteria. This result highlights the pronounced differences in these two methods in classifying an internal room as overheated. Figure 6.9 and Figure 6.10 below present all the above findings in summary graphs.  
 
Figure 6.9: Percentage of living rooms (red bars, N=210) and bedrooms (blue bars, N=201) where 
overheating is successfully predicted according to four different overheating criteria 
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Figure 6.10: Comparison between measured and modelled risk of overheating using 4 different 
overheating criteria for all living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) 
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6.4 Non-exhaustive validation of ITCC model for one Living room 
This validation of the ITCC model is initially performed by using the measured data during July to calculate all the components of the model (train period) and the measured data in August to compare against the predictions of the model (test period). This is defined as ‘non-exhaustive’ validation as it does not use all the possible weekly combinations of the data.  This is summarised in Table 6.10 below. 
Table 6.10: Train and test periods of the validation approach Validation approach Dates Train Period 1st – 31st July 2009 Test Period 1st – 31st August 2009  This section will present the non-exhaustive validation approach for one living room by first analysing the results for the trend and cyclical components and then for the complete ITCC model. 
6.4.1 Non-exhaustive validation of Trend component The trend component was calculated using the measured internal air temperatures from the 1st till the 31st July 2009 and the external air temperature from the 16th June 2009 till the 31st July 2009, since the exponentially weighted moving average of the daily mean of the external air temperature was allowed to use values up to 15 past days (𝑚𝑚 = {1 − 15}). The results for the example living room (Figure 6.11) show that although the internal air temperature data used in training the model have been limited to only those recorded during July, the coefficient of determination that can be achieved between the daily mean internal air temperature and the exponentially weighted moving average of the external daily mean temperature, by varying the values of 𝛼𝛼 and 𝑚𝑚 remains at high levels, similar to the ones achieved when all the data were used for the 62-day fit of the model (see Figure 4.6). 
 
Figure 6.11: Optimum R2 between 𝜽𝜽�𝒊𝒊𝒊𝒊,𝒅𝒅  of a living room and  𝜽𝜽𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆,𝒅𝒅 for varying m values between 
1-15 days given the best fit  𝜶𝜶 values for every past day included, using data during July 
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The highest R2 value was given when using  𝑚𝑚 = 15 and 𝛼𝛼 = 0.7 which are the same values as the ones found for the 62-day fit of the model. Figure 6.12 shows the measured trend and the modelled trend using the train period to calculate its parameters 𝑖𝑖 and 𝑔𝑔. 
 
Figure 6.12: Measured trend (daily mean internal air temperature) and modelled trend (using July 
data to calculate 𝒊𝒊 and 𝒈𝒈), for a living room Figure 6.12 shows a high level of agreement between the measured and the modelled trend. The coefficient of determination between the measured trend data in August and the predicted values of the trend model is 0.85. It can be observed that the modelled trend in some cases (during the time of the daily peaks of the external air temperature) presents a timed-delay in comparison to the measured trend. This is due to factors such as the thermal mass of the dwelling, as the heat gains due to the high external temperature or the global solar irradiation are first stored in the building envelope and then released to the internal thermal environment.  Figure 6.13 shows the residuals between the measured trend in August and the modelled trend in the same period. 
 
Figure 6.13: Residuals between measured trend in August and predicted values of modelled trend 
for a living room 
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Figure 6.13 shows that the values of the residuals are between 0.7°C and -0.8°C, with the highest occurring during 25th August due to the delayed effect of the modelled trend in relation to the measured data, as the external air temperature is decreasing prior to the internal. The same effect occurs towards the end of August when the external air temperature increases prior to the internal and therefore the residuals take their maximum negative value. The overall mean of the residuals is zero and the variance is largely constant therefore it can be inferred that the trend model has captured a satisfying amount of the variation in the measured data of the internal trend component. 
6.4.2 Non-exhaustive validation of Cyclical component The parameters of the cyclical component were calculated using the measured internal air temperatures from the 1st till the 31st July 2009 and the external air temperature and global solar irradiation data from the same exact period. The results in Figure 6.14 show the predicted values of the model for the period 1st – 31st August 2009. 
 
Figure 6.14: Measured cyclical component (1st July – 31st August) and predicted values of modelled 
cyclical component (1st – 31st August) for a living room Figure 6.14 shows that the model for the cyclical component is not able to capture the highest peaks of the measured data. However, the RMSE between the measured and the predicted values is 0.31°C, an improved value from the 62-day fit (0.32°C for 1st – 31st August). The residuals between the measured and the modelled data are show in Figure 6.15 below. 
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Figure 6.15: Residuals between measured cyclical component and the predicted values of the 
modelled cyclical component (1st – 31st August) for a living room Figure 6.15 shows the spread of the residuals is between 2°C and -1°C. It can also be observed that the variance is largely constant except during the middle of August when some of the highest external air temperature values occurred. It is evident that a 2°C difference in internal air temperature could have a significant effect on the prediction of overheating, especially in absolute threshold values. However, this can only be assessed when validating the complete ITCC model. 
6.4.3 Non-exhaustive detailed validation of ITCC model The ITCC model is a product of adding the model of the trend component and the cyclical component. Figure 6.16 shows the measured internal air temperature in a living room and the predicted values of the ITCC model that was developed using data from 1st – 31st July 2009. 
 
Figure 6.16: Measured internal air temperature and predicted values of internal air temperature for 
1st – 31st August, using ITCC model built using data from 1st – 31st July, in a living room 
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Figure 6.16 shows a good overall agreement between the measured and the predicted values during August. However, in the case of this living room, it is observed that the ITCC model presents differences compared to the measured internal air temperature regarding some of the high daily maximum values. This is largely attributed to the inability of the cyclical model to capture these. Table 6.11 presents a comparison between the ITCC 62-day fit model and the validated ITCC model for August 2009. The coefficient of determination and the RMSE between the measured and the modelled data during August 2009 are presented. 
Table 6.11: Coefficient of determination (R2) and RMSE for the predicted values of the ITCC model 
between 1st – 31st August and for the 62-day Fit of the ITCC model 
 R2 RMSE ITCC 62-day Fit 0.80 0.46 ITCC Train July / Test August 0.77 0.56  Table 6.11 shows that the ITCC model that has made use of the data in July to predict the data in August is nearly as good as the ITCC model that made use of all of the available data to fit the model’s parameters. This finding indicates that in order to predict the internal air temperatures in this living room, a month’s worth of past measured data is adequate for calculating the ITCC model’s parameters. Figure 6.17 presents the residuals between the measured internal air temperature and predicted values of the ITCC model, while Figure 6.18 presents the differences between the 62-day fit of the ITCC model and the validation during 1st – 31st August 2009. 
 
Figure 6.17: Residuals between measured internal air temperature and predicted values of internal 
air temperature for 1st – 31st August, using ITCC model built using data from 1st – 31st July, in a living 
room   
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Figure 6.18: Residuals between 62-day fit of ITCC model and predicted values of internal air 
temperature for 1st – 31st August, using ITCC model built using data from 1st – 31st July, in a living 
room The residuals shown in Figure 6.17 have a mean value of zero and a spread of values between 2°C and -2°C. The impact of these on overheating however is not clear and as the measured temperatures during August do not indicate any occurrence of overheating for this living room. Therefore, it is the hours above a threshold temperature value that will be used to assess the performance of the ITCC model in predicting the values of internal air temperature during a period that has not been used for the calculation of the parameters of the model. The residuals in Figure 6.18 shows the small differences between the 62-day fit and the predicted values of the ITCC model that has been developed using only the 31-day data during July 2009. This finding indicates the fact that using one month’s worth of data, in the case of this living room, allows for the development of a model that is very close to the best possible one (the one developed using all the available data, the 62-day fit model). Figure 6.19 presents the total number of hours above a threshold temperature during 1st – 31st August for the measured and the predicted values of the internal air temperature of a living room. 
 
Figure 6.19: Number of hours when the measured internal air temperature and the predicted values 
of the modelled internal air temperature is above a threshold temperature, in a living room 
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Figure 6.19 shows initially a general agreement between the measured and the predicted values of the internal air temperature when considering the total amount of hours above a certain temperature threshold. In more detail however, the ITCC model seems to be over-predicting the total number of hours above an internal air temperature range between 20-22°C and under-predicting for a threshold value above 22°C. If this trend was to remain constant for thresholds above 25°C, then it could mean that the ITCC model under-predicts the occurrence of overheating. This however will be assessed in the following section. 
6.5 Non-exhaustive validation of ITCC model for all Living rooms and 
Bedrooms 
This section presents the results for the non-exhaustive validation of the ITCC model, using the data measured during 1st – 31st July to calculate the model’s parameters and predicting the internal air temperatures in 1st – 31st August 2009 for all 210 living rooms and 201 bedrooms.  
6.5.1 Non-exhaustive validation of Trend Component Table 6.12 presents a summary of the statistics of the R2 for the correlation between the measured internal trend 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  (the daily mean internal air temperature) and the measured external trend  𝑇𝑇𝑒𝑒𝑒𝑒,𝑑𝑑  for the train period 1st – 31st July 2009, and the resulting  𝛼𝛼  and  𝑚𝑚  values, across the dataset for all living rooms and bedrooms. The table also presents the R2 between the values of the measured internal trend 𝑇𝑇𝑖𝑖𝑖𝑖,𝑑𝑑  and the predicted internal trend 𝑇𝑇′𝑖𝑖𝑖𝑖,𝑑𝑑 in August 2009. 
Table 6.12: Summary statistics of R2 for the best correlation between  𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻𝒆𝒆𝒆𝒆,𝒅𝒅 for the train 
period 1st – 31st July and the R2 for the best correlation between  𝑻𝑻𝒊𝒊𝒊𝒊,𝒅𝒅 and  𝑻𝑻′𝒊𝒊𝒊𝒊,𝒅𝒅  for the test period 
1st – 31st August, and also the fitted 𝜶𝜶  and  𝒆𝒆  values for all living rooms (N=210) and bedrooms 
(N=201) 
R2 Mean Max Min St. Dev. 25th Perc. 50th Perc. 75th Perc. Living rooms  0.95 0.99 0.77 0.04 0.93 0.96 0.97 Bedrooms  0.94 0.99 0.47 0.06 0.93 0.95 0.97 
R2 (for August predictions)        Living rooms  0.75 0.95 0.12 0.16 0.68 0.8 0.86 Bedrooms  0.76 0.96 0.16 0.13 0.72 0.78 0.84 
Alpha (α)        Living rooms  0.67 0.90 0.18 0.1 0.57 0.66 0.73 Bedrooms  0.64 0.90 0.27 0.1 0.57 0.64 0.71 
Past days (m)        Living rooms  10.5 15 1 5.5 4.0 15 15 Bedrooms  9.7 15 1 5.9 3 14 15 
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Table 6.12 shows that the model for the trend component performs marginally better in the case of the living room than the bedroom. Overall a comparison with Table 4.4 shows that when reducing the training period of the model from 62 days to 31 days, the fit of the model improves. However, as expected, when assessing the variation explained by the model of the trend that was developed using the train period in July and predicted the values during August, the R2 drops considerably. This means that although the relationship that the development of the trend model was based on, was strong (25th percentile of R2 above 0.9 for both living room and bedrooms), the model can explain more than 86% of the variation only in 25% of the living rooms cases and more than 84% only in 25% of the bedrooms cases (75th percentile of R2 found to be 0.86 for living rooms and 0.84 for bedrooms).  
 
Figure 6.20: Distribution of the coefficient of determination (R2) for the correlation between the 
measured internal trend and the measured external trend for all living rooms (red bars, N=210) and 
all bedrooms (blue bars, N=201) 
 
Figure 6.21: Distribution of R2 for the correlation between the measured internal trend during 1st – 
31st August 2009 and the predicted values of the modelled trend during 1st – 31st August 2009, for all 
living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) 
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Figure 6.20 shows the high correlation between the measured internal trend (daily mean internal air temperature) and the measured external trend (exponentially weighted moving average of the daily mean external air temperature, with optimum values of 𝛼𝛼  and  𝑚𝑚) maintained although the period of the fit of the data reduced from 62 days (1st July  - 31st August 2009) to 31 days (1st – 31st July 2009). Figure 6.21 shows that the correlation between the measured internal trend in August and the predicted values of the modelled internal trend in August drop considerably. This is expected to have a significant impact on the prediction of the risk of overheating when using the ITCC model.  
 
 
Figure 6.22: Distribution of 𝜶𝜶  and  𝒆𝒆  values for the July fit of the trend model for all living rooms 
(red bars, N=210) and all bedrooms (blue bars, N=201) Figure 6.22 shows the distribution of the 𝛼𝛼  and  𝑚𝑚  values when using only the data during the  1st – 31st July 2009 to calculate them. In the case of the parameter 𝛼𝛼 it can be observed that the distribution has a shift towards lower values in relation to Figure 4.17, for both living rooms and 
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bedrooms. In the case of the parameter 𝑚𝑚 it can be observed that the change in the results for the bedrooms is greater in relation to the results in Figure 4.17. These differences could be attributed to the fact that the external air temperature during July has greater variation than during August (the maximum external air temperature during July reached 29.7°C and the minimum 7.9°C, in comparison to 26.9°C and 8.4°C respectively during August) and therefore the model that was trained using data during only July was influenced more by this larger spread in the external air temperatures that was also projected in a larger spread in the internal air temperatures.  
 
 
Figure 6.23: Distribution of intercept (𝒊𝒊) and gradient (𝒈𝒈) values for the July fit of the trend model 
for all living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) The distribution of the values for the intercept and the gradient of the line of best fit between the measured internal trend and the exponentially weighted moving average of the daily mean external air temperature has marginally changed for the July fit of the model’s parameters compared the 62-day fit (Figure 4.20). This result should be expected since the R2 has only marginally improved too. 
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6.5.2 Non-exhaustive validation of Cyclical Component Table 5.8 presents a summary of statistics of the lowest RSME between the measured cyclical component (𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡) and the modelled cyclical component (𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡) for the train period of 1st – 31st July 2009 as well as the five coefficients of the cyclical model 𝐴𝐴, 𝐵𝐵, 𝛾𝛾, 𝜑𝜑𝑒𝑒 , 𝜑𝜑𝑠𝑠, across all living rooms and bedrooms. The R2 values for the train period of 1st – 31st July 2009 between 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and 𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡 have also been computed and presented in the table below. 
Table 6.13: Summary statistics for all five coefficients of the cyclical model  𝑨𝑨, 𝑩𝑩, 𝜸𝜸, 𝝋𝝋𝒆𝒆, 𝝋𝝋𝒔𝒔 that give 
the lowest RMSE between 𝑪𝑪𝒊𝒊𝒊𝒊,𝒕𝒕 and  𝑪𝑪′𝒊𝒊𝒊𝒊,𝒕𝒕  for the train period 1st – 31st July 2009, for all living rooms 
(N=210) and bedrooms (201) 
RMSE (°C) Mean Max Min  St Dev. 25th Perc 50th Perc 75th Perc Living rooms 0.38 0.93 0.18 0.14 0.28 0.36 0.44 Bedrooms 0.40 0.84 0.17 0.12 0.32 0.39 0.47 
R2        Living rooms  0.50 0.80 0.06 0.16 0.41 0.52 0.62 Bedrooms  0.45 0.84 0.02 0.17 0.33 0.46 0.58 
𝐴𝐴        Living rooms  0.11 0.47 0.02 0.06 0.07 0.10 0.13 Bedrooms  0.11 0.35 0.01 0.06 0.07 0.10 0.14 
𝐵𝐵        Living rooms  0.0007 0.0018 0.00005 0.0003 0.0005 0.0007 0.0009 Bedrooms  0.0008 0.0025 0.00007 0.0004 0.0005 0.0008 0.0011 
𝛾𝛾 (°C)        Living rooms  0.14 0.35 0.00 0.066 0.09 0.12 0.17 Bedrooms 0.15 0.48 0.00 0.08 0.09 0.15 0.20 
𝜑𝜑𝑒𝑒  (hr)        Living rooms 2.4 9 0 2.0 1 2 4 Bedrooms  2.6 12 0 2.4 1 2 4 
𝜑𝜑𝑠𝑠 (hr)        Living rooms  7.6 14 0 3.2 6.8 8 9 Bedrooms  9.1 14 0 3.5 8 9 12         The table shows that the mean value of the RMSE between 𝐶𝐶𝑖𝑖𝑖𝑖,𝑡𝑡 and  𝐶𝐶′𝑖𝑖𝑖𝑖,𝑡𝑡  for the train period of 1st – 31st July 2009 is about 0.4°C for both living rooms and bedrooms. The 75th percentile value indicates that 75% of all living rooms present an RMSE of less than 0.44°C and bedrooms less than 0.47°C. These findings are marginally improved compared to the 62-day fit results in Table 5.8.  As in the case of the trend, the reduction of the train period of the model from 62 days (1st July – 31st August) to 31 days (1st – 31st July) does not worsen the fit of the cyclical component model. The phases of both the cyclical component of the external air temperature (𝜑𝜑𝑒𝑒) and the cyclical component of the global solar irradiation (𝜑𝜑𝑠𝑠) are higher in the case of the bedrooms than the living rooms. This can be an indication of the reduced effect of thermal mass, the increase in the 
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glazed surfaces or the orientation of the living rooms that allows these spaces appear to have a quicker response to the external conditions. The differences between living rooms and bedrooms could also be attributed to the occupants’ interactions with windows, doors, blinds and other means, which is more likely to happen during the day than during the night in the bedrooms, when the occupants have limited capacity to control their thermal environment while sleeping. The values of R2 show that the cyclical model does not capture the hourly variation of the internal air temperature to its full extent. This however is something that would be expected as the hourly variation of the internal air temperature is not entirely due to the external weather conditions, since the dwellings are occupied and the behaviour of the occupants would have had an impact on the formation of the thermal conditions in the living rooms as well as in the bedrooms and this is not possible to account for as it was not captured during the 4M survey. Table 6.14 presents the RMSE and R2 statistics for the predicted values of the cyclical component model during 1st – 31st August 2009, for all living rooms and bedrooms. 
Table 6.14: Summary statistics for the RMSE and R2 for the predicted values of the cyclical 
component model during 1st – 31st August 2009, for all living rooms (N=210) and all bedrooms 
(N=201) 
RMSE (°C) Mean Max Min  St Dev. 25th Perc 50th Perc 75th Perc Living rooms  0.41 0.94 0.17 0.13 0.32 0.39 0.47 Bedrooms  0.43 1.05 0.18 0.14 0.32 0.41 0.51 
R2        Living rooms  0.51 0.80 0.02 0.16 0.41 0.53 0.64 Bedrooms  0.46 0.83 0.01 0.17 0.35 0.48 0.59         Table 6.14 shows that in contrast to the case of the trend component model, when assessing the variation explained by the model of the cyclical component model that was developed using the train period in July and predicted the values during August, the RMSE and R2 statistics change only marginally. This is due to the fact that the data in the train and test periods of the cyclical component are rather similar. In other words, the cyclical variation in the internal air temperature data is largely constant throughout the monitoring period (1st July – 31st August 2009) and therefore using the data in July to predict the data in August is almost similar to using the data from July to predict the data during the same month (July). 
Figure 6.24 presents the histograms of the RMSE values for the modelled cyclical component for the train period of 1st – 31st July 2009 and the RMSE values for the predicted values (1st – 31st August) of the cyclical component model that was trained during July, for all living rooms and all bedrooms. 
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Figure 6.24: Distribution of RMSE values for the modelled cyclical component for the train period of 
1st – 31st July 2009 (top) and for the predicted values during 1st – 31st August 2009  (bottom), for all 
living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) Figure 6.24 shows the distribution and the differences in the RMSE between the fitted values of the model during 1st – 31st July (top two histograms) and the predicted values of the model during 1st – 31st August (bottom two histograms). It can be seen that there are some differences in the distribution of the RMSE values when assessing the predicted values during August as there is a small shift of the bars towards higher values (the right hand side of the histograms).  Figure 6.25 presents the histograms of the R2 values for the correlation between the measured cyclical component and the modelled cyclical component for the train period of 1st – 31st July 2009 and the R2 values for the correlation between the measured cyclical component and the predicted values (1st – 31st August) of the cyclical component model that was trained during July, for all living rooms and all bedrooms. 
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Figure 6.25: Distribution of R2 values for the modelled cyclical component for the train period of 1st – 
31st July 2009 (top) and for the predicted values during 1st – 31st August 2009  (bottom), for all living 
rooms (red bars, N=210) and all bedrooms (blue bars, N=201) Figure 6.25 shows that, as in the case of the RMSE values, there are some differences in the distribution of the R2 values when assessing the predicted values during August. In fact, in the case of the R2, the model of the cyclical component is performing marginally better in predicting values that were not included in the development of the model. This shows that the model for the cyclical component performs better than the mode for the trend component (see Figure 6.21).   Figure 6.26 and Figure 6.27 present the distribution of the coefficients 𝐴𝐴, 𝐵𝐵, 𝛾𝛾 and the phases 𝜑𝜑𝑒𝑒 , 
𝜑𝜑𝑠𝑠 of the cyclical component model that were calculated using the data during 1st – 31st July 2009. 
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Figure 6.26: Distribution of the coefficients 𝑨𝑨 (top), 𝑩𝑩(middle), 𝜸𝜸 (bottom) of the modelled cyclical 
component for the train period of 1st – 31st July 2009, for all living rooms (red bars, N=210) and all 
bedrooms (blue bars, N=201) 
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Figure 6.27: Distribution of external air temperature phase 𝝋𝝋𝒆𝒆 (top), and global solar irradiation 
phase 𝝋𝝋𝒔𝒔 (bottom) of the modelled cyclical component for the train period of 1st – 31st July 2009, for 
all living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) Figure 6.26 and Figure 6.27 show that there are very small changes to the calculated parameters of the cyclical component model when reducing the training period from 62 days (1st July – 31st August) to 31 days (1st – 31st July) (see Figure 5.32 and Figure 5.33). This was to be expected as the RMSE and R2 values were maintained at same levels as well.  Overall the findings regarding the model of the cyclical component for all 411 internal spaces indicate that the period during which the model is trained can be reduced considerably (in this case by 50%) and the model is still capable of explaining the maximum possible variation (the one explained by using all the available data). This is largely due to the fact that the variation in the cyclical component of most of the living rooms and bedrooms is generally constant throughout the monitoring period (1st July – 31st August 2009) allowing the development of a robust model regardless of the training period selected, as opposed to the case of the development of the trend model where reducing the training period reduced the accuracy of the model. 
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6.5.3 Non-exhaustive validation of ITCC model  Table 6.15 presents the summary statistics for both the hourly measured and hourly predicted internal air temperatures during 1st – 31st August 2009, using the ITCC model, of all living rooms (N=210) and all bedrooms (N=201). Again, because of the extent of the dataset, the table shows an increased level of detail. The column of the mean of the hourly temperature presents the average value of the mean internal air temperature across all living rooms (and bedrooms) for all the 62-days of the monitoring period, but also the maximum and minimum values of those averaged values. The same is repeated for the other columns. 
Table 6.15: Summary statistics of measures of dispersion for both hourly measured and hourly 
modelled internal air temperatures, using the ITCC model of living rooms (N=210) and bedrooms 
(N=201)  Mean of hourly 
temperature (°C) Max of hourly temperature (°C) Min of hourly temperature (°C) St. Dev. of hourly temperature (°C)  Mean Max Min Mean Max Min Mean Max Min Mean Max Min 
Living rooms (N=210) Measured 22.2 25.0 19.0 25.1 31.4 20.7 19.4 23.0 14.8 1.1 2.0 0.6 Modelled 22.3 25.4 19.0 24.4 29.6 20.7 20.0 23.5 15.9 0.9 1.9 0.4 
Bedrooms (N=201) Measured 22.4 25.1 18.8 25.5 32.2 20.3 19.2 22.6 14.1 1.2 2.2 0.5 Modelled 22.4 25.4 18.7 24.8 28.8 20.5 19.8 23.6 16.0 1.0 1.9 0.5  Table 6.15 shows a general overview of the performance of the ITCC model, in terms of comparison between the measured and the predicted internal air temperatures during August for living rooms and bedrooms. At first it can be observed that the measures of dispersion (mean, maximum, minimum) of the mean internal air temperature, across the dataset during August, are captured with great accuracy by the model. The main differences are between the measured and the predicted maximum internal air temperatures.  It is clear that the ITCC model cannot model the absolute maximum internal air temperatures in neither the living rooms nor the bedrooms. The minimum internal air temperatures are not as significant in the context of overheating.     
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Table 6.16 presents the R2 and RMSE statistics for the predicted values of the ITCC model during 1st – 31st August 2009, for all living rooms and bedrooms. 
Table 6.16: Summary statistics for the R2 and RMSE for the predicted values of the ITCC model 
during 1st – 31st August 2009, for all living rooms (N=210) and all bedrooms (N=201) 
RMSE (°C) Mean Max Min  St Dev. 25th Perc. 50th Perc. 75th Perc. Living rooms  0.68 2.54 0.27 0.24 0.53 0.64 0.78 Bedrooms  0.74 1.87 0.34 0.23 0.59 0.70 0.87 
R2        Living rooms  0.69 0.89 0.19 0.14 0.61 0.72 0.79 Bedrooms  0.70 0.91 0.10 0.12 0.65 0.73 0.78         Table 6.16 shows that the ITCC model presents a better fit in the bedrooms than the living rooms, with marginal differences. The 25th and 50th percentiles in both cases show that more than 75% of the 411 internal spaces have a value of R2 above 0.6 and more than 50% above 0.7. This means that in more than 75% of the 411 living rooms and bedrooms, the ITCC model can explain more than 60% of the variation in the internal air temperature data during August 2009. At the same time the values of the RMSE show that in general the error of the ITCC model in the case of the bedrooms is marginally higher than in the living rooms. Figure 6.28 presents the distribution of the R2 values between the measured and predicted internal air temperatures during 1st – 31st August 2009 for all living rooms and bedrooms. 
 
 
Figure 6.28: Distribution of R2 values for the predicted internal air temperatures of the ITCC model 
during 1st – 31st August 2009, for all living rooms (red bars, N=210) and all bedrooms (blue bars, 
N=201)  
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Figure 6.28 shows there are 7 living rooms and 10 bedrooms with a value of R2 less than 0.4, a threshold that indicates weak correlation between measured and predicted values. These 17 internal spaces represent less than 5% of the dataset of the 411 living rooms and bedrooms. About 60% of the 411 internal spaces present a value of R2 above 0.7, a threshold that indicates strong correlation between the measured and the predicted values of internal air temperature.  Figure 6.29 presents the distribution of the RMSE values between the measured and predicted internal air temperatures during 1st – 31st August 2009 for all living rooms and bedrooms. 
  
Figure 6.29: Distribution of RMSE values for the predicted internal air temperatures of the ITCC 
model during 1st – 31st August 2009, for all living rooms (red bars, N=210) and all bedrooms (blue 
bars, N=201) Figure 6.29 shows that more than 90% of the 411 living rooms and bedrooms present a RMSE of less than 1.0°C. In a bit more detail, in the case of the living rooms more than 70% present a RMSE below 0.75°C and in the case of the bedrooms more than 60%.  The statistical measures of the R2 and the RMSE do not however give any indication on the extent of the errors of the ITCC model in the hourly scale of the data. This is explored by investigating the residuals between the measured internal air temperatures and the predicted values of the internal air temperatures calculated by the ITCC model. Figure 6.30 presents the distribution of the mean, the standard deviation from the mean, the maximum and the minimum of the hourly residuals between the measured and the predicted values of the internal air temperature for all 210 living rooms and 201 bedrooms.  
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Figure 6.30: Distribution of mean, standard deviation, maximum and minimum values of residuals 
between measured and predicted internal air temperatures during 1st – 31st August 2009, for all 
living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) 
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Figure 6.30 shows that the mean of the residuals is around zero and the standard deviation is around 0.6°C for both living rooms and bedrooms. The spread of the values of the residuals are between 10°C and -5°C, with the mean of these values around 2°C and –2°C. Figure 6.31 allows for a better visualisation of the spread of the values of the residuals during August 2009. 
 
 
Figure 6.31: Hourly residuals between measured and predicted internal air temperature using the 
ITCC model, during 1st – 31st August for all living rooms (top) and all bedrooms (bottom) 
 Figure 6.31 shows the chronical spread of the residuals and it allows identification of the highest and lowest values and the dates these occurred. It can be observed that the highest values in both living rooms and bedrooms occurred during the end of August (30th and 29th August respectively). During these dates the external air temperature presented some of the lowest daily mean temperatures and they also followed a short period with relatively high daily mean external air temperatures. It is obvious therefore that during this period the internal air temperature in these internal spaces remained at high levels. Further research shows that the 29th and 30th August 2009 was a Saturday and Sunday respectively, so it is possible that the occupants were absent from the homes and did not take any actions to mitigate the heat gains from the rather warm period immediately before that weekend. The same could have occurred during the 1st and 2nd August that was again a weekend and some of the highest residuals are observed in both living room and bedrooms. The principal aim of the ITCC model is to be able to predict the risk of overheating in UK dwellings. Therefore, the performance of the model will be evaluated using 4 different, internationally recognised overheating criteria. These are the CIBSE static as outlined in 
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Guide A (CIBSE, 2006), the CIBSE TM52 (CIBSE, 2013b), the BS EN 15251 adaptive (BSI, 2007) and ASHRAE Standard 55 (ANSI/ASHRAE, 2010). Although some of the criteria state that the period they should be applied on is the occupied hours during May-September, in validating the ITCC model the testing period of the model in 1st – 31st August, therefore the criteria will be applied on all hours during this period. Table 6.17 presents the results in terms of the amount of spaces where the measured internal temperatures indicate overheating during August, the amount of spaces where the modelled internal air temperatures in spaces indicate overheating during August and the amount of spaces where the measured internal air temperatures indicate overheating but the modelled results do not (or the opposite). 
Table 6.17: Results of the overheating risk for the spaces where the measured internal 
temperatures indicate overheating, the spaces where the modelled internal air temperatures 
indicate overheating and the spaces where the measured internal air temperatures indicate 
overheating but the modelled results do not (or the opposite), for all living rooms (N=210) and 
bedrooms (N=201) during 1st – 31st August, using 4 different overheating criteria 
Overheating Criteria Measured Modelled Discrepancy 
CIBSE STATIC 
Living rooms    5% >25°C 41 (20%) 26 (13%) 19 1% >28°C 1 (0.5%) 1 (0.5%) 0 
Bedrooms    5% >24°C 101 (48%) 75 (37%) 32 1% >26°C 26 (12%) 14 (6.7%) 16 
CIBSE TM52 
Living rooms 0 0 0 
Bedrooms 0 0 0 
BSEN 15251 
Living rooms    CAT I 6 (3%) 2 (1%)  4 CAT II 1 (0.5%) 0 1 CAT III 0 0 0 
Bedrooms    CAT I 12 (6%) 4 (2%) 12 CAT II 0 0 0 CAT III 0 0 0 
ASHRAE 55 Upper Limit 
Living rooms 20 (10%) 8 (4%) 14 
Bedrooms 40 (19%) 20 (10%) 26  
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Table 6.17 shows the occurrence of overheating, either measured or predicted, during 1st – 31st August 2009. It can be observed that according to the CIBSE static criteria, the ITCC model fails to predict overheating accurately in 19 of the 210 living rooms (9% of the population) when using the 5% of occupied hours above 25°C but is accurate in predicting the occurrence of overheating in one living room when using the 1% of occupied hours above 28°C. In the case of the bedrooms it fails in 16% and 8% of the population in respect to the two thresholds. The model also presents a reduced performance when assessing overheating using the ASHRAE Standard 55, by failing to identify the occurrence of overheating in 7% of the living rooms and 13% of the bedrooms (see also Figure 6.33). When considering the BSEN 15251 category II and CIBSE TM52 the ITCC model gives an accurate representation of the occurrence of overheating in both the living rooms and bedrooms of this dataset. It should also be noted that during August 2009 there was a significantly reduced number of internal spaces with measured overheating in relation to that during July and August 2009 (see Table 6.9). Therefore, as overheating becomes less prominent, the assessment of the ITCC model in terms of accuracy in predicting the risk of overheating in UK homes becomes more challenging.  Table 6.17 also indicates the pronounced differences in classifying an internal room as overheated between the CIBSE Static criteria against particularly the latest CIBSE overheating criteria as outlined in the document TM52. This result is even more pronounced in Table 6.9. Figure 6.32 and Figure 6.31 present all the above findings in summary graphs.  
 
Figure 6.32: Percentage of living rooms and bedrooms where overheating was accurately predicted, 
using 4 different overheating criteria 
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Figure 6.33: Measured and modelled risk of overheating during August 2009 using 4 different 
overheating criteria for all living rooms (red bars, N=210) and all bedrooms (blue bars, N=201) 
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6.6 Exhaustive weekly Validation of the ITCC model for all living 
rooms and bedrooms 
The next step in validating the ITCC model is to perform a validation that is exhaustive in terms of the possible ways to divide the sample into training and testing periods. Here a weekly approach was taken that allows for all possible combinations between the train periods of July and the test periods of August to be assessed. Table 6.18 presents the train and test periods that were selected for this approach. 
Table 6.18: Exhaustive weekly validation of the ITCC model 
Cross Validation  Train Period Test Period 4 weeks train – 4 weeks test 1st – 31st July 2009 1st – 31st August 2009 2 weeks train – 4 weeks test 18th – 31st July 2009 1st – 31st August 2009 1 weeks train – 4 weeks test 25th – 31st July 2009 1st – 31st August 2009 
4 weeks train – 2 weeks test 1st – 31st July 2009 1st – 14th August 2009 2 weeks train – 2 weeks test 18th – 31st July 2009 1st – 14th August 2009 1 weeks train – 2 weeks test 25th – 31st July 2009 1st – 14th August 2009 
4 weeks train – 1 week test 1st – 31st July 2009 1st – 7th August 2009 2 weeks train – 1 week test 18th – 31st July 2009 1st – 7th August 2009 1 weeks train – 1 week test 25th – 31st July 2009 1st – 7th August 2009 
 The periods were divided into one, two and four weeks of training and testing and all possible combinations were computed. Figure 6.34 presents the train and test periods’ chosen. 
 
Figure 6.34: Exhaustive validation of ITCC model train and test periods 
16
18
20
22
24
26
28
30
32
01/07/2009 01/08/2009 01/09/2009
M
ea
su
re
d 
In
te
rn
al
 A
ir 
Te
m
pe
ra
tu
re
 (°
C)
Date
4 Weeks Train 
4 Weeks Test 
2 Weeks Train 
1 
Week 
Train 
1 
Week 
Test 
2 Weeks Test 
Chapter 6. Results 3 – ITCC Model Evaluation and Validation   
 192 
R2  
R2  
R2  
Figure 6.35 presents the R2 values between the measured and the predicted values of the internal air temperature for all living rooms and bedrooms using the different combinations of train and test periods for the ITCC model in the order presented in Table 6.18. 
 
 
 
Figure 6.35: R2 values between measured and predicted values of internal air temperature using the 
different combinations of train and test periods for the ITCC model, for all living rooms (red bars, 
N=210) and all bedrooms (blue bars, N=201) 
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Figure 6.36 presents the RMSE values between the measured and the predicted values of the internal air temperature for all living rooms and bedrooms using the different combinations of train and test periods for the ITCC model in the order presented in Table 6.18. 
 
 
 
Figure 6.36: RMSE values between measured and predicted values of internal air temperature using 
the different combinations of train and test periods for the ITCC model, for all living rooms (red bars, 
N=210) and all bedrooms (blue bars, N=201) 
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The box-plots of the R2 values, in Figure 6.35, show that by increasing the train period from 1 week to 4 weeks the maximum R2 values (the top ends of the whiskers, covering values that extend to 1.5 times of the height of the box) across the dataset remain levelled however the minimum values (the bottom ends of the whiskers again covering values that extend to 1.5 times of the height of the box) increase from around 0.1 to 0.4. It can also be observed that in the case of the bedrooms, the spread of the R2 values decreases more than in the case of the living rooms as the training period of the ITCC model increases.  The box-plots of the RMSE values, in Figure 6.36, show that by increasing the train period from 1 week to 4 weeks the maximum RMSE values (the top ends of the whiskers) across the dataset decrease from around 2°C to about 1°C, the minimum values (the bottom ends of the whiskers) on the other side in the case of the living rooms present a small decrease while in the case of the bedrooms remain levelled. Moreover, the extent of the outliers (circles) and extreme outliers (asterisks, covering values that extend to more than three times the height of the boxes) is reduced as the test period reduces. Overall, the findings presented in Figure 6.35 and Figure 6.36 indicate that the more days are added in training the model, the better are the results in terms of R2 and RMSE values. However, they also reveal that the ITCC model presents a marginally higher accuracy for short-term periods (1 week ahead), than for longer term predictions (4 weeks ahead). In addition, the duration of the training period has a lower impact in the case of the short-term predictions, than in the case of the longer term predictions.  Nevertheless, the differences in the predictions between training the model for a period of 4 weeks, compared to training the model for a period of 1 week, are rather small, and in cases where the cost of measuring and storing more data is an important parameter, this result is of significant importance. 
6.7 Summary 
This chapter presented the evaluation and validation of the ITCC model. The evaluation was performed by developing the model using all the available data from the 62-day monitoring period. This meant calculating the parameters for the trend and the cyclical component (α, m, i, g, 
A, B, 𝜑𝜑𝑒𝑒 , 𝜑𝜑𝑠𝑠, γ) using all the data and then calculating the hourly internal air temperature and comparing it against the measured data (Appendix B). The results showed that the overheating risk was modelled with high accuracy across all 4 overheating criteria that were used. Furthermore, this chapter provided one of the first assessments of overheating using the CIBSE static criteria compared to those in the latest CIBSE TM52, for a large dataset. The findings 
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showed substantial differences in the occurrence of overheating between the two methods of assessment, when using the measured data in 210 living rooms and 201 bedrooms. Regarding the living rooms, the percentage of those assessed as overheated according to the CIBSE static criteria were 57% (n=121) and those assessed using the CIBSE TM52 were 0.5% (n=1), while regarding the bedrooms, 92% (n=185) were assessed as overheated using CIBSE static while only 7.5% (n=15) when using CIBSE TM52. This highlights the major differences between these two methods of assessment. The validation of the ITCC model was performed by splitting the data into weekly sections and altering the train and test periods from 1 to 4 weeks, interchangeably, until all possible combinations were achieved. The results showed that the model for the trend is not as robust as the model for the cyclical component, mainly due to the variation in the data that form the trend and the cyclical component. Overall, the accuracy of the model improves by increasing the training period, yet the improvement is rather small, and in cases where the cost of measuring and storing more data is an important factor, this result is of significant importance.   
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Chapter 7. Discussion 
7.1 Introduction 
This thesis has presented the development of an empirical model that is able to predict the risk of overheating in UK homes, based on past measurements of internal air temperature, external air temperature and global solar irradiation. A novel approach has been taken by applying descriptive time series analysis to decompose the room temperature data in two individual components, the trend and the cyclical. These are expressed as a function of the external weather data (external air temperature and global solar irradiation) and two separate equations are developed to model them separately before joining them together to form the final model. The dataset used in this work comprised of hourly measured internal air temperatures from 411 living rooms and bedrooms, recorded between 1st July and 31st August 2009, in 228 homes in Leicester, UK. The external weather data used were recorded from a weather station at the centre of the city of Leicester. This is part of a larger dataset that was collected for the purposes of the 4M project, which aimed at measuring, modelling, mapping and managing the urban carbon footprint of the city of Leicester.  Section 7.2 discusses the results from the analysis and modelling of the trend and cyclical components of the final ITCC model as well as the results from the validation approaches applied. It also compares the modelling method of the ITCC model to other approaches in predicting overheating.  Section 7.3 presents a discussion on the overheating criteria and argues the need of refinement in the current definitions. It further suggests perhaps re-thinking the concept of overheating in some cases as rather an event where the internal air temperature in a room deviates substantially from a long-term prevailing indoor thermal condition. Section 7.4 presents the applications of the ITCC model and the possible future of this approach. It discusses the where it might lead and the potential for commercialisation. Section 7.5 identifies the limitations of this research and the implications for the ability of the ITCC model to accurately predict the risk of overheating, as this might be defined by various criteria.  
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7.2 The ITCC model 
One of the questions of great importance emerges from the extensive literature review on the measurement and modelling of the risk of overheating in dwellings, is the identification of the most accurate and effective method of predicting the risk of overheating in dwellings. Currently the best practise is to use dynamic thermal modelling, however this requires a large number of input assumptions on heat gains, heat losses and heat storage upon which the results depend, that can often lead to modelling errors and reduce the confidence in the results. Recent developments in low cost sensors have allowed for an increasing number of large-scale data collection studies that provide an opportunity for empirical approaches based on measurements alone to be explored.  This research has drawn upon the availability of such a dataset and explored the application of time series analysis and modelling techniques for the development of an empirical model that performs the prediction of internal temperatures in dwellings, based on previously recorded internal temperatures and external climate data. The model is the product of two separate individual components, the trend and the cyclical.  The trend component is responsible for capturing the response of the internal air temperature to the long-term external weather conditions and therefore serves at the long term “climatic memory” of an internal space; its ability, in other words, to “remember” and average the conditions from previous days. This element of “climatic memory” can be attributed to the physical characteristics of a dwelling, such as the thermal mass of the fabric. The internal temperature in a thermally light building would be affected by changes in the external weather conditions that occurred a lot more recently, compared to a thermally massive structure. Therefore, one could say that the climatic memory of a thermally massive structure, in principal, should be a lot more persistent, that that of a thermally light structure.  In order to capture this element when expressing the internal air temperature conditions in a dwelling as a function of the external air temperature, the daily mean internal air temperature was expressed as function of a regressive form of the external air temperature that is given by the exponentially weighted moving average (EWMA) of the external daily mean temperature. This form takes into account the mean external air temperature in as many past days as one wants to go back to, and it has not been used in previous research to explore the relationship between the internal and external air temperature. In this work, the maximum number of possible past days (m) was chosen as large enough number (m=15) in order to allow the model to reveal the true nature of the interactions between the 
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internal and external conditions. Furthermore, the constant value alpha (α), of the equation describing the EWMA, was allowed to take any values between 0 and 1. This constant can also provide an insight on the response of the internal temperature to the changes of the external. A lower value of α indicates a faster response to the external conditions, while a higher value for α means that days further back in the past have almost equal importance as days of the more recent past, regarding their impact on the internal temperature. The results from the development of the model have shown that it is possible for the external air temperature of up to 6 of the previous days to have an impact on the internal air temperature in the living room or the bedroom of a dwelling. In many cases however, the addition of more than 3 past days only improved the results marginally. This result is also due to the specific conditions that prevailed during the summer period of 2009 (rather cool summer). If the external air temperature presented a greater variance during the monitoring period (for example if one or more pronounced heatwaves occurred), this value of 6 days could have been lower. The distribution of the alpha (α) values is within the expected ranges, as much lower values would indicate a very fast response of the internal temperature to changes in the external weather, such that could cancel any effect of the thermal mass of a building, effectively showing that only the same day’s external weather has an impact on the internal thermal conditions of a home. Although the values of alpha (α) and past days (m) should, theoretically, provide an indication of the thermal properties of a dwelling, the results showed that they do not significantly relate to the dwelling type, dwelling age, wall or type of the dwellings in the dataset. This indicates that there are other properties of the dwelling that could have an impact on the thermal behaviour of the internal spaces, such as the orientation or total heat loss of the fabric which takes into account the heat loss through windows. There could also however, be properties of the household that have a significant effect on the formation of the internal temperatures in dwellings, such as the actions of the occupants, relating to window opening, use of blinds, internal heat gains, which unfortunately were not recorded during the monitoring period. Nonetheless, overall, the values of alpha (α) and past days (m) do represent the response of the internal temperature to the changes of the external temperature. This response is the result of a system that includes the fabric of the dwelling as well as the occupants and their actions, but the current dataset did not allow the identification of the exact parameters that have the most influence on these values. The Cyclical component is responsible for capturing the immediate effect the external weather conditions have on the internal air temperatures. It is therefore a function of the external air temperature as well as the global solar irradiation. The logic behind the form of the model is based on the fact that the dwellings are free running and therefore, although the mean internal 
Chapter 7. Discussion   
 199 
temperature might be a result of the mean external temperature of some days before, the peak diurnal values of the internal temperature are influenced by the peak diurnal values of the external weather conditions namely the external air temperature and the global solar irradiation during the same day. To capture the amplitude of the cyclical component of the internal air temperature in relation to the cyclical component of the external air temperature the coefficient A was introduced and similarly for the cyclical component of the global solar irradiation the coefficient B. The nature of these two different datasets (the external air temperature and the global solar irradiation) does not allow for direct comparisons, however, the distributions of the coefficients A and B for all the living rooms and bedrooms in the dataset, showed that the overall the impact of the external air temperature is higher than the one of the global solar irradiation, on the cyclical component of the internal air temperature. Furthermore, according to many different characteristics, such as the orientation, the stack effect, the location and the size of the windows and the occupants’ interactions with the envelope of the dwellings, there is expected to be a delay in the hourly impact of the external weather conditions to the internal temperatures. For example, during a sunny summer day, the direct solar gains in the south facing living room of a dwelling will be expected to have an immediate impact on the internal air temperature, resulting in increased values only within a few hours. On the other hand, it would be expected that the impact on the north facing bedroom on the second floor of the same dwelling, could be delayed by several hours. This form of delay was captured in the model by the phases (𝜑𝜑) of the external air temperature (𝜑𝜑𝑒𝑒) and the global solar irradiation (𝜑𝜑𝑠𝑠). The distributions of these showed that in general bedrooms present greater delays than living rooms but also that the impact of the global solar irradiation on the internal air temperature of the living rooms and bedrooms was far more delayed than that of the external air temperature. Although in the development stage, the models for the trend and the cyclical components are individually evaluated using different statistics (R2 for the trend and RMSE for the cyclical), one way to compare the two is by considering the standard deviation of the residuals of the individual models. The distributions of these residuals show that both models, overall, throughout the 411 living rooms and bedrooms, present an average error of around ±0.5°C. Yet, it is the cyclical model that fails to predict accurately some of the hourly maximum peaks, in the form of the daily maximum internal air temperature, and is therefore regarded as the weaker part of the ITCC model. However, during the validation stage, it also becomes clear that the model for the trend is not as robust as the model for the cyclical component. The performance of the model for the trend drops 
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considerably when it is tested on data that have not been used for its development, while this is not the case for the model of the cyclical component which maintains its performance in more or less the same levels. This is attributed to the fact that the variation in the data of the cyclical component is in general a lot more constant compared to that of the trend, throughout the monitoring period, making it a lot easier to predict, regardless of both the duration and selection of the training period. The results from the exhaustive weekly validation technique of the ITCC model have shown that overall, the longer the training period of the model, the better the accuracy of the model is, in predicting the internal air temperatures in the 411 living rooms and bedrooms of the dataset. Looking at the results in greater detail though, reveals that the ITCC model presents a marginally higher accuracy for short-term predictions (1 week ahead), than for longer term predictions (4 weeks ahead). In addition, the duration of the training period has a lower impact in the case of the short-term predictions, than in the case of the longer term predictions.  Nevertheless, the differences in the predictions between training the model for a period of 4 weeks, compared to training the model for a period of 1 week, are rather small, and in cases where the cost of measuring and storing more data is a significant parameter, this result is of great importance. The train period of the model can be adjusted according to the desired output. If the required outcome is the accurate prediction of the overheating risk as defined by the current overheating criteria that have been explored in this thesis, then it is suggested that the longer the training period is, the more accurate the results are likely to be, since the RMSE in the internal air temperature is overall reduced. However, if the output of the model is required to minimise the error in estimating the daily maximum internal air temperature, especially during prolonged periods of high external air temperature, then it is possible that a much shorter training period (e.g. 7 days or less) that would be in “running” form, might be better to use. The “running” form of the training period, means that for every new day, the coefficients of the ITCC model would be recalculated and the data from the new day would be included in the recalculation as they become available, while older data (e.g. more than 7 days past) would be discarded. That way, the larger daily swings of the internal air temperature due to the increase in the external air temperature would be given more weight by the model as they would account for a larger proportion in the training period. This could result in an improved accuracy when predicting the daily maximum internal air temperature, especially when approaching or during heatwaves. This however needs to be tested with the appropriate dataset. 
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Overall, a great advantage of the ITCC modelling approach is that it does not require any information about the households or the dwellings, in order to predict the risk of overheating, other than the hourly measurements of the internal air temperature (and the external air temperature and global solar irradiation data, which could be obtained by local weather stations). Therefore, a home or household survey is not required in order to build the model, and the only uncertainty associated with the input parameters is the error of the sensors that measure the data, which if placed in the correct place (about 1 metre height and away from draughts and sources of heat, like direct sunlight, and electrical appliances) could record values within a range of ± 0.1°C (latest technology).  This means that the costs associated with developing a model based on a physical survey of a dwelling could be reduced down to solely the cost of the sensor. Furthermore, it could be done remotely, without presenting any hassle to the household, that would otherwise need to organise at least one (if not several) visits. Further benefits could possible include significantly reduced costs for developing models for big parts of the building stock that would allow the prediction of overheating in homes. Consequently, sufficient funds could be saved and allocated for engagement and awareness campaigns, as well as for research and innovation projects. On the contrary, in dynamic thermal simulation, a detailed survey of the dwelling is required, where information such as the exact dimensions of all the elements of the building envelope and their thermal properties is needed as well as the composition of the household and the exact hourly occupancy schedule. Gathering and measuring all this information accurately as well as calibrating the model in many cases can take weeks if not months.  The calculation of overheating in SAP also requires the collection of detailed information regarding the envelope of the dwelling in order to derive the heat loss coefficient and the solar heat gains parameters. In this case the output is also not in hourly scale so the latest overheating criteria do not apply to this method. A similar approach is required for the overheating criteria as set in the Passive House Planning Package (PHPP). Other modelling techniques, like grey and black box modelling using stochastic methods such as ARMAX models, only allow short term predictions. Published work by the author has shown that ARMAX models can only produce accurate predictions up to 24 hours ahead, to the very best case, and on average between 6 to 12 hours ahead (Oraiopoulos et al., 2015a, 2015b). This would only allow for a 24-hour window when providing risk alerts to occupants in relation to preventing the occurrence of overheating. The presented work however has shown that the external temperature of up to 6 previous days can have a substantial influence on the internal conditions in homes, therefore in many cases, a prediction of only one day ahead would not be sufficient in order to 
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avoid indoor overheating events, especially during periods of prolonged high external temperatures.  The methodology presented in this work shows that the ITCC model can predict any number of days ahead so long as the internal space remains free-floating (no mechanical heating or cooling in place). This allows for timely information to reach those households at risk so that appropriate actions can be implemented in order to prevent the occurrence of overheating in homes. In addition, the ITCC model allows for a great degree of transferability, since it is only based on the dynamics between the internal and external thermal conditions. Therefore, it is plausible to apply the model to different regions, different climates and different dwellings, making it a great tool for research within a country but also across different parts of the world, potentially allowing for comparison and evaluation of the overheating risk internationally.  It is clear therefore that the ITCC model presents a significant advantage over the aforementioned modelling techniques, as the costing, time and effort needed to produce a useful set of results using the proposed methodology are reduced considerably. 
7.3 Overheating 
The ITCC model was developed according to and tested on the four most widely used overheating criteria. There are however fundamental problems with the set of rules outlined in the criteria. As shown by the presented literature review the origin of the current criteria dates back to the previous century, and the data for the temperature thresholds set, were partly based on studies conducted in offices, initially with no occupancy. Since then, the same definition of overheating and thresholds, have been used across different designs of buildings with very different end uses. The same criteria apply to flats, detached houses, offices, care homes and hospitals, where occupants have different expectations, different means of adapting and different physiological responses to elevated internal temperatures.  It is the author’s view that overheating needs to be redefined according to the use as well as the design of the space. There should be sets of different criteria that allow for different adaptation measures to be taken into account, with different ranges of temperature thresholds and separate enforcement level actions and criteria. A suggestion is to establish three levels of thermal stress related to: comfort, productivity and health, with each one allowing for certain ranges of temperature deviation from an acceptable threshold based on physiological studies, which would also take into consideration the design of the buildings or the given spaces.  
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It is possible that what constitutes acceptable thermal conditions in the indoor environment of a home is very different to an office or a care setting. But also within each of these spaces the perception of overheating might also vary significantly.   In a home, the personal preferences, the cultural norms and the occupancy history of a household (previously experienced long-term thermal conditions, in a different home, a different city or a different country) can all influence the perception of overheating. There might be households therefore, that in general prefer higher temperatures than it has been suggested by some studies until now and would not mind a deviation from relatively high mean internal temperature, and others that even a small deviation from a relatively lower mean internal temperature would bring them discomfort, both physiologically and psychologically. Studies have also found that this phenomenon is not necessarily related to the geographical location of the site. The extent to which one can act in order to adapt to a situation of potential thermal discomfort in a home, includes a variety of choices. From reducing the amount of clothing, to changing rooms, having a shower, operating openable windows, using external or internal blinds, or even leaving the house, all increase the adaptability of the individual in order to mitigate the adverse effects of elevated internal temperatures. In addition to these “soft” actions, one can also implement more robust and long-term solutions to reduce solar gains, such as building overhangs, planting trees, installing external insulation, applying heat reflective, cold-paint coatings to external walls. However, these actions are restrictive according to the type of house, the type of tenure, the location of the site and also the potential cost. These restrictions therefore add another dimension to the problem of overheating that could be taken into consideration when defining overheating for thermal comfort in the residential sector. In an office environment, the level of clothing, the heat gains from appliances, the sedentary activity in many cases, the co-existence with a high number of colleagues in an open plan area, the limited potential for interacting with the envelope or the services of the building, the requirement for maximum productivity, the increased levels of stress due to work commitments and the fixed working hours, narrow the acceptable conditions outside which the heat stress becomes an undesirable condition. In addition, the design (highly glazed, limited provision for cross-ventilation) and the location (inner-city, reduced wind speeds) of office buildings, in many cases reduce considerably the potential for adaptability, by means of introducing retrofitting strategies, for the mitigation of overheating. Studies have also shown that the use of natural ventilation in combination with the layout and the design of the offices also have a substantial impact on the perception and tolerance of elevated temperatures in working environments. All these 
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parameters and findings should be reflected in the definition of overheating when it relates to productivity. In care settings, residents are likely to be less able to adapt to elevated internal temperatures, due to both physiological (reduce ability of self-thermoregulation) and physical (impaired mobility) conditions. Therefore, more strict criteria need to be applied as overheating can possibly pose a serious health hazard in these indoor environments. It is somewhat clear that the definition of overheating should not only be based on simple threshold values and it should also not be the same across the populations, buildings and end uses. Some of the results from recent studies suggest that overheating could be defined as an event during which the internal temperature significantly deviates from the long-term prevailing thermal conditions in a given space. This might suggest a shift from the generalised current overheating criteria, to a more customised set of criteria that would take into consideration a number of parameters, such as the occupants’ feedback as well as the buildings’ data. A much clearer picture however, would be evident if detailed studies that combine quantitative data (internal temperature, relative humidity, external temperature, global solar irradiation) with qualitative data (thermal comfort perception occupant surveys) were conducted on large scale across the UK. In addition to that, more physiological and epidemiological medical studies on the effects of the thermal environment on human health are required. At the moment it is not clear for example whether six consecutive hours of exposure to an internal temperature of 28°C, result in a more severe impact on human health than one hour of exposure to 34°C. Answers to such questions would assist in forming a more holistic approach to overheating and that in turn would allow researchers to develop more appropriate methodologies that would be more specific in their targets, providing increased potential for the accurate prediction of the occurrence of overheating. In an era where technology is becoming an inseparable part of peoples’ daily life, where smart appliances is the industry standard and customised settings are increasingly required and asked for, there may be a way to re-define overheating based on both the occupants’ feedback and the buildings’ design, so that it reflects the changes in the population and in the current climate but also the improvement in expertise and knowledge. 
7.4 Applications of the ITCC model 
One of the main applications of the ITCC model is the inclusion of the algorithm to a device (maybe part of a smart thermostat) that would be placed in the living room and/or bedroom of a dwelling and would measure the internal temperature in these rooms. Linked via an ICT network 
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to local weather stations, either public or private, it could obtain external weather data, such as external air temperature and global solar irradiation. This would enable the device to perform predictions of future internal air temperature in these rooms and display them to the occupants (with a margin of error). According to the occupants’ needs, they could be informed for as many hours or days ahead as they wished. Such information could act as a risk alert, regarding the occurrence of overheating at any time during which the dwelling would be free-running, prompting occupants to act in order to avoid any thermal discomfort. In a technologically advanced setting, the device could also provide information to a central computer that would take action (opening windows, operating blinds) in order to prevent the occurrence of overheating in these spaces. This device could also send signals to the mobile phones of the occupants, so they could take action remotely, in order to alter the thermal conditions in the dwellings. For example, if the predictions showed increased internal temperatures in their living room or bedroom, they could operate the windows before returning home from work or from a weekend of absence from the dwelling.  Apart from providing information to the occupants of a dwelling, such a device could also send information regarding the internal temperature and potential risks, to the relatives of someone in a vulnerable state. There are already “safety watch” sensors that record motion in a space, and when there is a prolonged period with no signs of occupancy, these sensors send alerts to a next of kin, warning them to call or pass by. These sensors provide a “peace of mind” for the relatives and could assist greatly and immediately in a medical situation. The ITCC model could be incorporated in these sensors and send warnings about the risk of overheating, allowing timely information to reach those concerned and prevent the adverse effects of increased internal temperatures. The people receiving this information could then either prompt the occupants at risk to act upon their predicted thermal discomfort, or they could engage themselves by either making themselves physically present at the property at risk and perform a number of actions to prevent the risk of overheating, or even take the occupants away from these homes for some time until the overheating risk is eliminated. Furthermore, they could select a strategy remotely (opening windows, operating blinds) and send it to a central ICT system in the dwelling to automatically perform the actions. This could potentially reduce the load from health services, and that could translate to large financial savings for the economy of a nation. Although the scenario of a central system performing automated ventilation and passive cooling strategies might currently be futuristic for most homes, it is very often found in Building Management Systems (BMS) in offices all around the world. The ITCC model could be applied in such environments, having first been validated using an appropriate dataset. The application of the ITCC model could assist in the optimisation of a passive cooling system in an office 
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environment, and it could further lead to the reduction of operational costs by preventing the use of air conditioning, by timely identifying the spaces at risk of overheating and applying the appropriate natural ventilation strategy. This would also assist in avoiding thermal discomfort of employees, which could lead to reduced productivity and a negative impact on a company’s profits. Further work, could also investigate if the model could be part of a heating, cooling and air conditioning system (HVAC), increasing its efficiency and preventing spikes in the cooling load by pre-conditioning the air in a space, therefore avoiding high electricity peaks that could have an impact in the systems when supplying energy from renewable sources.  In care settings, the ITCC model could be part of a BMS that would enable the care takers to receive advanced information about the thermal conditions in all the rooms and living areas, allowing them to act in a timely manner in order to reduce the risk of overheating by taking appropriate actions. In some cases, that could reduce the need for air-conditioning, again reducing operational costs. If this was to be further tested and introduced in hospitals in the UK it could potentially have a significant impact on the operational costs of the NHS. Another significant application for the ITCC model is through the use of large nationwide datasets. As the falling cost of the temperature sensors makes the large-scale data collection more cost effective, it is possible that in the near future there would be very large nationwide datasets (some already exist) of internal air temperatures in living rooms and bedrooms in homes, available across countries. The application the ITCC model on such datasets, could allow the identification of homes at risk of overheating, at any time during a summer period. This information could again be of great value for the health services on a national level, in order to make adequate preparations and issue specific warnings according to the predictions.  Should these large-scale datasets materialise, the application of the ITCC model coupled with the use of future weather data (2030s, 2050s, 2080s) could also give an indication of the future performance of a nation’s building stock, assisting greatly in the design of retrofit policies, building regulations and future energy performance assessment methods. The methodology that was used in developing the ITCC model could form part of the SAP calculations for the risk of overheating in the UK. It could also be considered when designing the new energy performance certificates (EPCs), as by measuring only the internal temperatures in a dwelling, it is possible to provide an analysis of the risk of overheating and therefore make inferences about the energy that would be needed in order to eliminate this risk. The ITCC model can also be used as a method to assess the effects of the proximity of weather stations and interpolation of weather data, on the prediction of internal air temperature by empirical models. The simplicity of the model allows the quick and effective estimation of 
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inaccuracies that are introduced when data from ‘near neighbour’ meteorological stations are used in modelling. Work has already begun in evaluating the impact of triangulation of the weather data inputs on the model’s predictive accuracy. Although the ITCC model has been developed with a view of predicting overheating in homes during summer periods, it is often the case, especially in the UK during rather cool summers, that occupants make use of their heating for some periods. The ITCC model could assist in predicting these periods and alert the occupants about the risk of excess cold and therefore the need of switching on the heating systems, during summer periods, when homes are free-running. In this case the occupants could be alerted to this risk and perform actions (allowing the sun to enter the rooms, keeping the windows open for minimum periods, keeping internal doors closed) that would prevent the internal temperatures from reaching these low thresholds. The same could apply again in offices and care homes, where preventing the use of extra heating could translate in reduced operating costs. Finally, as a technique applied to unconditioned spaces, the ITCC model can also be applied for the predictions of internal air temperatures in temporary shelters, in refugee camps across the world, where the supply of energy for conditioning the internal spaces might be scarce, and the population more vulnerable to health risks due to the external climate. Information regarding the future internal air temperatures in these shelters can be passed on to relief agencies in time for them to prepare to take appropriate actions in providing protection to those most vulnerable. 
7.5 Limitations of the study 
There are a number of limitations regarding the research presented in this thesis. One of the most important is associated with the dataset that was used. First of all the 4M dataset is not a national dataset and therefore any findings should not be extrapolated for the dwellings across the UK. Although the 4M dataset was designed to be representative of the UK as much as possible, the location of the city of Leicester, the regional climate and the possible cultural and social differences to other UK cities are all important factors that could have an impact on the formation of the internal air temperatures in dwellings. Moreover, the dataset does not include some types of dwellings such as those built according to the Passivhaus standard, which is of increasing popularity in the UK. The most significant limitation of this study however, especially since the subject of interest is the accurate prediction of overheating, is the fact that during the monitoring period (1st July – 31st August 2009) the external weather conditions did not present any period of heatwaves or any prolonged period of high external air temperature, that could significantly affect the formation of 
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internal air temperatures. Nonetheless, the analysis took four different overheating criteria into consideration, and although the monitoring period was characterised as a rather cool summer, the occurrence of overheating according to the old CIBSE static criteria was existent, and the ITCC model managed to capture that successfully with considerably high accuracy (84 to92%). Another limitation is the fact that the sensors measured the internal air temperature and not strictly the operative temperature, as required in the overheating criteria. The fact is that the sensors were not shielded, and therefore it is likely that they measured a mix of air and radiant temperature. Perhaps it was valid not to shield the sensors as this allowed capturing the thermal conditions that were closer to those experienced by the occupants.  The 4M survey also did not include any information about the orientation of the internal spaces, or the occupants’ actions (operation of window and use of blinds). In many cases this made it more difficult during the analysis of the data, as it was not possible to justify the variation in the daily maximum internal air temperatures. However, one of the main objectives of the ITCC model was to be as simple as possible and not include any qualitative information. One drawback from the results though is the inability of the ITCC model, in some cases, to predict the daily maximum peaks of the measured internal air temperature. This is due to the methodology in developing the model of the cyclical component, which is based on the lowest value of the RMSE, between the hourly measured and the hourly modelled values of the internal air temperature. One way to overcome this difficulty would be to solve the equations based on the minimum difference (RMSE) between the daily maximum values of the internal air temperature of the measured data and the daily maximum values of the internal air temperature of the modelled data. This would enable the model to better predict the daily peaks, but it would also shift the mean of the cyclical component, resulting in the over-prediction of overheating, especially if assessed using the overheating criteria that were used throughout this study.  Over-predicting the risk of overheating might initially be considered a better option than under-predicting, as it would be better to be prepared for the risk than not being aware of it. Nevertheless, it is worth keeping in mind that if a risk alert device, that would be deployed in homes in order to give warnings for the risk of overheating was found to constantly over-predict this risk, it would very soon be regarded as not reliable and whatever market value it had would drop considerably.  Undeniably, predicting the daily maximum internal air temperature accurately is a difficult task. Even more, if the conditions to be predicted using a model of regressive form (e.g. the formation of the internal air temperature due to extremely high external air temperature) have not been 
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measured and analysed in the data that were used to train the model. A theoretically more robust solution to the problem of predicting the daily maximum internal air temperature during extreme weather events (heatwaves) could be to rely on the memory of the internal conditions that prevailed during such period in the past, and calculate the coefficients of the cyclical model based on previously measured data (internal and external) during such past events. However, this approach means that the earliest possible that predictions could be obtainable, would be for the second occurrence of such an event, and it also assumes that the behaviour of the occupants will not have changed nor the thermal properties of the dwelling. It is also worth bearing in mind that, although the sudden spikes in the internal air temperature are difficult to capture with the ITCC model, the fact that they are sudden and in many cases, isolated events during a summer time period, makes it also likely that if aggregated, these would not form enough annual hours over the percentage thresholds set in the overheating criteria. In this case, the ITCC model could potentially predict the risk of overheating accurately, even after having failed to capture these. If on the other hand, the spikes are often and overall add to the risk of overheating, then it is also likely that the ITCC model could produce predictions with improved accuracy, since these would often be found in the model’s training period data. Therefore, it is difficult to say whether by failing to capture the maximum daily internal air temperature in some cases, the ITCC model produces a lower ability to predict the risk of overheating, based on the current overheating criteria. Another limitation of the model is the lack of easily and publicly accessible hourly global irradiation data. Currently the weather forecast relies on cloud tracking, however recent advances in research have allowed for hourly time series data to be produced. A number of models have been developed, some of which have also been commercialised, that can provide predictions in hourly time series form, for up to ten days ahead. Another way to overcome this limitation, when predicting the risk of overheating using the ITCC model, could be to apply a dataset that would be compiled of rather high values of hourly global solar irradiation (a reference day, one that would be based on measurements from the sunniest day of the year) and would therefore be used as the high risk scenario. The final limitation of the study has to do with the optimisation method that was used to calculate the coefficients of the ITCC model. This was the solver plugin in Excel and more specifically the Simplex Linear Programming (SLP) method. This was chosen firstly, because the equations of the ITCC model are of first order and secondly, and most importantly, due to the low computation time. Using the Evolutionary method, which uses evolutionary algorithms, gave different results in every run, making the validation of the output difficult as it was not possible to have one optimal 
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solution. In addition the computation time increased from 1 day, when using the SLP method for the results across the 411 spaces, to 60 days, making the completion of the work on time even more difficult. Nonetheless, the aim of this study was to produce the methodology in developing the ITCC model, that can then be further improved in future work.  
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Chapter 8. Conclusions 
8.1 Introduction 
This thesis set out to develop an empirical model that predicts future temperatures in UK homes during summertime, and therefore the risk of overheating, based on past measured values and external climate data. This was achieved by initially reviewing the formation of the overheating criteria and the key studies that used measured data to report overheating as well as the key studies that used modelling methods to predict the risk of overheating in homes, both in the UK and internationally. Following this review, an investigation explaining the variation of internal temperatures in dwellings with the use of an empirical model was conducted, by developing a statistical model (the Internal Trend and Cyclical Component model) using descriptive time series analysis. This model was then evaluated and validated using appropriate techniques and its ability to predict the risk of overheating was assessed. Section 8.1 summarises and concludes the main findings of this work. Section 8.2 outlines the impact this has on academia, industry and policy and finally Section 8.3 makes recommendations for future work.  
8.2 Main conclusions  
The analysis of the overheating criteria concluded the following findings:  • The overheating criteria in the UK were formed based on studies from the past century, which concluded based on data from non-residential buildings that in some cases had no occupancy. Furthermore, some of the core methodologies and temperature thresholds still present in the latest overheating criteria in the UK, were derived in countries other than the UK.  • A comparison of the overheating risk between the CIBSE static criteria (CIBSE, 2006) and the latest CIBSE overheating criteria (CIBSE, 2013), when assessing the measured internal air temperatures of the 411 living rooms and bedrooms used in this study, showed a significant drop in the number of rooms failing the criteria, highlighting the pronounced differences in classifying an internal room as overheated between the two overheating assessment methods. 
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 The analysis of the key studies in measuring and modelling overheating concluded the following: • There is a growing number of studies that measured the occurrence of overheating both in the UK and internationally. The evidence suggests that overheating is an existing problem across countries and regions and is commonly found in modern high energy efficient, air-tight buildings. However, the collection of qualitative data at the same time indicates that the concept of overheating can be subjective as there are occupants who prefer higher ranges of comfort temperatures. It is clear therefore that the overheating criteria available to date have not fully captured the variety sought be occupants in domestic thermal environments.  • Most of the studies conducted with the use of dynamic thermal simulation have concluded that the type of dwelling (detached, flats, etc.), the fabric (external/internal insulation), the level of external solar shading, the ventilation rates and the occupancy patterns have all got a significant role to play when it comes to increasing or reducing the risk of summertime overheating.  • Very few of the studies that have used empirical data to develop statistical models for the prediction of internal temperatures have been based on large datasets and of these even fewer have resulted in the development of parsimonious models that allow the prediction of long term (more than a few days) hourly internal temperatures. The development of the ITCC model suggested that: • The internal air temperature time series data can be decomposed using descriptive time series analysis, in two separate components, based on the long-term and short-term impact of the external climate on the internal air temperature.  • The Trend component captures the long-term variation in the internal air temperature and is the result of the impact of the external air temperature on the formation of the daily mean internal air temperature and serves as the climatic memory of the dwelling and the basis for predictions. The results showed that up to 6 of the past days can have impact on the formation of the daily mean internal air temperature.  • The Cyclical component is responsible for capturing the short-term (diurnal) variation on the internal air temperature and is the result of the impact of the external air 
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temperature and the global solar irradiation on the hourly variation of the internal air temperature around its daily mean. The results showed that the impact of the external air temperature is almost equal to that of the global solar irradiation. However the impact of the global solar irradiation can be delayed overall by 2-3 times as much as that of the external air temperature.   • The parameters of the ITCC model cannot be grouped according to the characteristics of the dwellings nor the households in the dataset. Consequently, the dataset of this study allowed only for building specific models to be developed.  • The results from the validation of the ITCC model showed that the trend is required to handle a much greater variation in the data than the cyclical component. Hence, although the statistics indicate that the trend model explains more variation than the cyclical, this is affected by the time-length of the predictions, whereas the variation explained by the model of the cyclical component, although lower, it is not as affected by the length of the predictions. This is attributed to the fact that the variation in the cyclical component is in general a lot more constant than that of the trend, making it a lot easier to predict, regardless of both the duration and selection of the training and test periods.  • Overall, the length of the training period of the ITCC model does have an impact on the accuracy of the predictions. Yet, the differences in the predictions between training the model for a period of 4 weeks, compared to training the model for a period of 1 week, are rather small and this result could be of great value when the cost of collecting and storing the data needs to be considered.  The results from predicting the risk of overheating using the ITCC model, compared to the measured data revealed that: • Even though the external climate conditions during the monitoring period were characterised as a rather cool summer, the occurrence of overheating according to the CIBSE static criteria, was largely existent, and the ITCC model managed to capture that successfully with high accuracy (84 to 92%).  • The ITCC model fails to capture the daily maximum internal air temperature during some days, especially when the spikes are very sudden. However, it is difficult to conclude whether by failing to capture the maximum daily internal air temperature in 
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some cases, the ITCC model presents a reduced capability of predicting the risk of overheating, based on the current overheating criteria 
8.3 Impact of work 
This work has contributed in improving the understanding of the formation of internal air temperatures in dwellings during summertime conditions. The implications of the findings can be categorised in those that relate to academia and research, those that can influence policy makers and finally those that can make a difference in the industry and the market. 
8.3.1 Academia The ITCC model, although it has been developed using data from UK homes, has a simple structure, which implies that it can be used in free-running buildings worldwide. Especially in warmer climates, where the period during which the dwellings do not require mechanically assisted heating or cooling is longer, it is possible it can have a greater impact. However, for this to happen, further research is needed in order to validate the model using data from other countries, and that requires the collaboration of academic institutions. Moreover, with an improved understanding of the formation of internal air temperatures, it is hopeful that other empirical models, such ARMAX, machine learning and other sophisticated inferential techniques can also be improved to provide more accurate long term predictions. Consequently, future academic research can also benefit from this research. 
8.3.2 Policy The application of the ITCC model on large sections of the building stock can provide evidence for the internal conditions in dwellings in the future and together with findings from other research (for example the implications of applying internal or external insulation in homes) can influence future policies on retrofits. It could also be used to inform policies regarding the future, potentially rapid, uptake in air-conditioning units in the UK, which could result in an increase of domestic energy use and associated CO2 emissions.  With the aid of sensors and live monitoring, especially in the spaces where those most vulnerable to heat live, the ITCC model could offer insights for the Public Health England heatwave plan guidance for the mitigation of indoor overheating. The use of future climate scenarios and weather data in the ITCC model can also provide insights regarding the thermal conditions in dwellings in the future and that can have an impact on future building regulations. Moreover, the ITCC model can be part of the tools used for post occupancy 
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evaluation and further suggestions for retrofit strategies in dwellings. Lastly, the methodology used in the development of the ITCC model can help improve the approach for calculating the risk of overheating using the SAP. 
8.3.3 Industry The latest developments in technology have allowed for very small, non-intrusive devices and mobile applications to be produced at relatively low costs. Smart thermostats have been recently introduced in the market as there is an increasing demand for personalised and customised controls in homes.  The ITCC model can be part of such devices and assist in increasing their market value both in the UK and internationally.  The ITCC model can also be integrated in Building Management Systems (BMS) to empower and optimise their performance, reducing operational costs, improving thermal conditions in working environments and potentially increasing the productivity of employees.  Another type of device that has been of increasing popularity the past years is the “peace of mind” smart home sensors. The ITCC model could be incorporated in this type of sensors and serve as the predictor upon which a warning alert regarding the future risk of overheating can be issued and sent to friends and family of elderly and vulnerable occupants. 
8.4 Recommendations for Future Work 
As a result of this work, a number of recommendations can be made for future research that can help further improve the understanding of the formation of internal air temperatures due to change in the external climate, and increase the accuracy of the ITCC and other empirical models. The trend and cyclical components’ models have both been found to have strengths and weaknesses. Although the trend model has been based on significantly high correlations between the daily mean internal air temperature and the exponentially weighted moving average of the daily mean external air temperature, the naturally occurring variation in this form of the data resulted in a relatively reduced capability of the trend model to produce accurate predictions. If this is to be improved, then more research is needed in terms of sensitivity analysis, by investigating the effects of the alpha (α) values on the values of past days (m) and the vice versa. It should also be explored whether a fixed value of α and m would significantly impact the results, and if so whether this would be related to any of the dwelling or household characteristics. Further analysis and improvement in the model of the trend could also examine whether the addition of a parameter similar to the phase of the cyclical component could increase the accuracy 
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in predictions, by taking into account the delay of the daily mean internal temperature in relation to the daily mean external air temperature. The model of the cyclical component was found to perform rather worse than the one for the trend, but its performance was not affected as much by the length of the training period, due to the low variance in this cyclical form of data. This model could potentially be further optimised to give higher coefficients to the global solar irradiation during sunny days, so as to increase the accuracy of the ITCC model in capturing the daily maximum internal air temperature during significantly hot and sunny days during summertime.  The validation of the ITCC was limited since the dataset was restricted to some part of only one summer period. It is recommended to validate this model using measured data from two different full summer periods. This would allow a more realistic scenario to be explored and would increase the confidence in the capability of the ITCC model to provide accurate predictions of the risk of summertime overheating in homes. Finally, the ITCC model is based on a building specific data and therefore it is of importance to investigate the sensitivity of model outputs to the uncertainty in the data inputs. Future work will examine the impact of the proximity of the external weather station, where the input external climate data are obtained from, on the predictions of the internal air temperature given by the ITCC model.   
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Appendix A 
 
Figure A. 1: Distribution of R2 (top), α (middle), m (bottom) by house type, for all living rooms 
(N=210) 
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Figure A. 2: Distribution of R2 (top), α (middle), m (bottom) by house age, for all living rooms (N=210) 
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Figure A. 3: Distribution of R2 (top), α (middle), m (bottom) by wall type, for all living rooms (N=210)  
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Figure A. 4: Distribution of R2 (top), α (middle), m (bottom) by house type, for all bedrooms, (N=201)  
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Figure A. 5: Distribution of R2 (top), α (middle), m (bottom) by house age, for all bedrooms, (N=201)  
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Figure A. 6: Distribution of R2 (top), α (middle), m (bottom) by wall type, for all bedrooms (N=201)  
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Figure A. 7: Distribution of R2 (top), α (middle), m (bottom) by house type, for all living rooms 
(N=210), arranged by the ascending order of R2 
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Figure A. 8: Distribution of R2 (top), α (middle), m (bottom) by house age, for all living rooms 
(N=210), arranged by the ascending order of R2 
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Figure A. 9: Distribution of R2 (top), α (middle), m (bottom) by wall type, for all living rooms 
(N=210), arranged by the ascending order of R2 
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Figure A. 10: Distribution of R2 (top), α (middle), m (bottom) by house type, for all bedrooms 
(N=201), arranged by the ascending order of R2 
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Figure A. 11: Distribution of R2 (top), α (middle), m (bottom) by house age, for all bedrooms (N=201), 
arranged by the ascending order of R2 
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Figure A. 12: Distribution of R2 (top), α (middle), m (bottom) by wall type, for all bedrooms (N=201), 
arranged by the ascending order of R2 
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Figure A. 13: Distribution of  i  by house type (top), house age (middle) and wall type (bottom) for all 
living rooms (N=210) 
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Figure A. 14: Distribution of  g  by house type (top), house age (middle) and wall type (bottom) for 
all living rooms (N=210) 
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Figure A. 15: Distribution of  i  by house type (top), house age (middle) and wall type (bottom) for all 
bedrooms (N=201) 
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Figure A. 16: Distribution of  g  by house type (top), house age (middle) and wall type (bottom) for 
all bedrooms (N=201) 
 
Figure A. 17: Cumulative percentage of the frequency of the R2 values for the correlation between 
the internal daily mean internal air temperature and the exponentially weighted moving average of 
the daily mean external air temperature, for all living rooms (N=210)  
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Figure A. 18: Cumulative percentage of the frequency of the R2 values for the correlation between 
the internal daily mean internal air temperature and the exponentially weighted moving average of 
the daily mean external air temperature, for all bedrooms (N=201) 
 
Figure A. 19: Cumulative percentage of the frequency of the R2 values for the correlation between 
the internal daily mean internal air temperature and the exponentially weighted moving average of 
the daily mean external air temperature, expressed in intervals, for all living rooms (N=210)  
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Figure A. 20: Cumulative percentage of the frequency of the R2 values for the correlation between 
the internal daily mean internal air temperature and the exponentially weighted moving average of 
the daily mean external air temperature, expressed in intervals, for all bedrooms (N=201) 
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Appendix B 
Appendix B presents the measured internal air temperatures for all living rooms and the modelled internal air temperatures for all living rooms in combined graphs (N=210), as well as the measured internal air temperatures for all bedrooms and the modelled internal air temperatures for all bedrooms in combined graphs (N=201). 
Appendix B: Measured and Modelled Internal Air Temperatures of Living rooms (N=210) and Bedrooms (N=201)  
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